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ABSTRACT

Hyperbaric Gas Metal Arc Welding (GMAW) is an important technology for repair
welding of deep sea pipelines and linking of existing pipeline networks to newer ones
through tie-ins and hot-tap welding. With increasing water depth the process becomes
susceptible to hydrogen assisted cracking due to the very fast cooling rate of the weld
caused by higher habitat gas density and resulting higher thermal diffusivity.
Maintaining sufficient heat in the welding zone is vital to avoid a potential cracking
tendency especially as moisture pick-up may be difficult to avoid during hyperbaric
welding operations. In addition to this, hyperbaric GMAW has a limitation of low heat
input because it is operated at a short arc length or dip transfer mode to avoid process
instability at high pressure. Also, the short arc length generates weld spatter that may

affect weld quality.

The research presented in this thesis, investigated the use of an industrial laser in
conduction mode for the purpose of providing significant additional heat input to control
the weld thermal cycles of GMAW. Advanced GMAW power sources such as the
Fronius Cold Metal Transfer (CMT) and EWM ColdArc have also been investigated for
reduced weld spatter generation.

Studies were conducted to investigate the weld pool thermal cycles and resulting
metallurgical phase formation in hyperbaric GMAW at different pressures ranging from
1 bar to 200 bar. This was followed by welding trials at one atmosphere to compare the
process characteristics of traditional dip transfer GMAW with some advanced GMAW
power sources such as CMT and ColdArc. The main experimental trials to investigate a
laser assisted GMAW (CMT) process were performed at one atmosphere condition. A
thermal model was developed using Abaqus software to predict the weld metal and
heat affected zone thermal cycle in a laser assisted GMAW (CMT) process at one
atmosphere and under high ambient pressures. Finally, investigation was carried out to
evaluate the benefit of the laser assisted process in lowering diffusible hydrogen

content from the weld metal.

The hyperbaric GMAW experimental results showed that the weld pool cooling rate
increases with pressure due to higher chamber gas density and resulting thermal
diffusivity. But this effect is not prominent for thicker plates. Therefore, it was concluded
that heat conduction through the steel thickness dominates convective losses to the

chamber gas environment. It was also shown that the welding arc shrinks as pressure



increases in order to minimise energy loss to the environment. This defined the weld
bead profile; although it was found that beyond 100 bar pressure the weld penetration
depth remained effectively unchanged. Apart from the hardness of the weld made at 1
bar, there was little difference between those at 18, 100 and 200 bar. However, all of
the welds show hardness peaks greater than 350 HV;, recommended for offshore

structures.

It was observed that CMT produced the lowest weld spatter compared to the traditional
GMAW and ColdArc. However, this advantage is constrained to low wire feed speed (3
to 5 m/min) beyond which it becomes relatively unstable. For the laser assisted GMAW
(CMT) trials, it was shown that the laser serves as a spatially resolved heat source,
reheating the weld bead and reducing the cooling rate. For the laser parameters
investigated, over 200% reduction of cooling rate could be achieved when compared
with GMAW alone. It was also demonstrated that the additional laser thermal input will
extend the weld residence time at high temperature (over 300 °C). This will prolong the
weld cooling time such that dissolved hydrogen can diffuse out before it comes to room
temperature. The laser was shown to significantly reduce the weld peak hardness from
about 420 HVy;s to values below 350 HVys, which will be beneficial for hyperbaric
welding. The model prediction of the weld thermal cycles was in good agreement with
the experimental results. Therefore, it could be used to predict the weld metal and HAZ
cooling rate of a laser assisted GMAW (CMT) process although the model would need
to be calibrated for higher pressure data. It was also demonstrated that additional laser
heat can reduce the weld hydrogen content to acceptable limits of 5 ml/100 g of weld

metal even for high moisture content in the welding environment.

In conclusion, the addition of laser heating to GMAW will reduce the weld cooling rate,
extend the weld pool cooling time, and expel diffusible weld hydrogen. All of these
would be immensely beneficial in terms of improving the quality and reliability of

structures fabricated through hyperbaric GMAW.



ACKNOWLEDGEMENTS

My utmost gratitude is to Almighty God for the gift of life and knowledge out of His
infinite and absolute store of knowledge.

This doctoral thesis is the culmination of a research programme sponsored by the
Petroleum Technology Development Fund (PTDF) of Nigeria. | therefore wish to
express my gratitude to the government of Nigeria through the PTDF for sponsoring my
studies at Cranfield University, U.K, and the Raw Materials Research and Development

Council for granting me study leave.

| am profoundly indebted to Prof Stewart Williams and Dr Supriyo Ganguly who were
my academic supervisors. Their knowledge, guidance, contributions and patience were
invaluable throughout the period of this research work. There was little | could have
done without Dr Neil Woodward. His wealth of experience in hyperbaric welding was as
vital as the support | received from him through the provision of relevant research
papers, design of experimental procedures and operating the hyperbaric chamber. My
appreciation also goes to Dr Paul Colegrove who was my subject adviser. | gained
valuable experience from him when he supervised my MSc thesis, and this paved the

way for a successful PhD research.

All members of staff of the Welding Engineering and Laser Processing Centre
especially the technical staff deserve mention for their different contributions and
support to my research work. | want to thank Mr Flemming Nielson and Mr Brian
Brooks for their help and support during the experimental work. To my friends and
colleagues: Daniel, Eurico, Sonia, Gonzalo, Ibrahim, Stephan, Filomeno, Anthony,
Wojciech, Mathew, Tamas, Matyas, Pedro, Jialuo, Fude, Jibrin, Ayoola, | say thanks for

your friendship, support and encouragement.

| wish to specially thank my mum, Eugenia Ofem posthumously and my dad, Lawrence
Ofem for their prayers and modest upbringing. The same appreciation goes to all my

siblings for their love and support.

Finally, how can | thank my beloved wife, Immaculata Ofem enough for her unending
prayers, love, patience and support as we weathered several storms together during
the period of this research work? And off course our beloved children, Precious, Jesse

and Michael; | love you all and you are a blessing to me.



LIST OF PUBLICATIONS

Some of the chapters of this thesis have been, or are intended to be published
elsewhere. For each of the published work, the author made principal contributions. A
list of these is given below:

0 U.U. Ofem, S. Ganguly, S. Williams. Evaluation of Laser Assisted Gas Metal
Arc Welding for Deep Water Hyperbaric Application. International Journal of

Offshore and Polar Engineering (2013) Accepted, in press.

d U.U. Ofem, S. Ganguly, S. Williams, N. Woodward. Investigation of Thermal
Cycles and Metallurgical Characteristics of Hyperbaric Gas Metal Arc
Welding. Submitted to International Journal of Offshore and Polar

Engineering.

d U.U. Ofem, S. Ganguly, S. Williams. Control of Cooling Behaviour in
Hyperbaric Gas Metal Arc Welding by Laser Assistance, The Laser User,
Issue 69, Spring 2013

O U.U. Ofem, S. Ganguly, S. Williams. Laser Assisted Arc Welding Process for
Dry Hyperbaric Deep Water Application. Proceedings of the 17™ Offshore
West Africa Conference, Accra, Ghana, Accepted, in press

vi



TABLE OF CONTENTS

Y = 1S ¥ N O iii
ACKNOWLEDGEMENTS.....coitiiiiiiiiiiiiii ittt e e e %
LIST OF PUBLICATIONS. ... .eutttttttttiuuttitututitiutsuunsisssseaesssssessssssseesssseeessssseesnesnnne Vi
SR IO o [ © 10 S N Xiv
IS IO 1Y = I s XX
LIST OF NOMENCLATURE ......cuutiiiiiiiiiiiiiiiiiiiiiiiiiiiieneeneeneeaennnnsennennsessnnnnnnnne XXi
LIST OF ABBREVIATIONS .......uuuuiiiiiiiiiiiiiieiuunineneennnrnnsenenerrannsnnnnennnnnnnn.s XXiii
A 011 o T U o3 1 o SRR 1
1.1 Industrial Background............coooooiiiiiiiii 2
1.2 Developments in Deep Water Pipeline Welding...........cococeeiiiiieeeeennnnn, 5
1.3 Motivation for the Research Project .............cceeeiiieiiieiiciiiicie e, 10
1.4 AIM and ODJECLIVES .......iiiiee e e e e eeaanns 13
1.5 Structure of the TheSIS .....cooooeeiiieiee . 14

2 Literature REVIEW ....coooeeeeeeeeee e 17
2.1 Underwater WeldiNg.........coouviiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeee e 18
2.2 Dry Hyperbaric Welding ... 20
2.2. 1 OVEIVIEW .. .ciiieeeeieee e e e ettt s e e e e e e e e e et s e e e e e e eeeeessssnaeeeeeeeeeenes 20
2.2.2 Challenges for Hyperbaric Welding ..., 22
2.2.3 Hyperbaric Welding Techniques.............ccccooiiiieiiiiiiiiiiiiie e, 25
2.2.3.1 Gas Tungsten Arc Welding ... 26
2.2.3.2 Gas Metal Arc Welding ..o, 29
2.2.3.3 Flux Cored Arc Welding .......ccooeeeeiiiiiieeeeeeeee 33

2.2.4 Factors Affecting the Mechanical Properties of Hyperbaric Welds 35
2.2.4.1 Base metal and consumable............coevveiiiiiiiinie e, 35
2.2.4.2 Hyperbaric chamber gas ..........ccooeeiiii 38
2.24.3  ShieldiNng g8S......ccooieiiieeee e 40
2.24.4 Heat INPUL......oooiiiiii e 40

2.2.5  APPLICALIONS ...covviiiiiei e 41
2.2.5.1 Pipeline Repair System (PRS) ..., 44
2.2.5.2 Remote Pipeline Repair System (RPRS) ..., 46

P TS 1 U] 01 0 = Y 48

2.3 Hydrogen Assisted Cracking in Hyperbaric Welding ...............ccoouvnni... 49
2.3 1 OVEIVIEW ... ittt ettt e e e e e e e e e eaba e e e e e e eeeeenes 49
2.3.2 The Hydrogen Cracking Phenomenon.............ccccoevveiiiiiiiiineeecennnn. 50
2.3.3 Mechanism of Hydrogen Assisted Cracking ..........cccccevveeveeeeennnnn. 51
2.3.3.1  Pressure ThEOIY ... 52

vii



2.3.3.2 Hydrogen Enhanced De-cohesion (HEDE) ............cccceevvvnnnnn. 53

2.3.3.3 Dislocation Interaction TheOry........ccceeevvvveiiiiiiiiiie e, 54
2.3.3.4 Hydrogen Enhanced Local Plasticity (HELP) ...........ccccovvunnnn. 55
2.3.3.5  AdSOrption TNEOIY ....cccoeeieeeeeee e 56
2.3.3.6  Hydride TREOIY.....ccooiieeeeee e 57
2.3.4 Hydrogen Transport Mechanism in Steel...........cccccvvieiiiiiiiinennn, 58

2.3.5 Factors that Influence Hydrogen Assisted Cracking in Hyperbaric
ATV o [ T PP 60
2.3.5. 1 HYOArOQEN ... 60
2.3.5.2  MICTOSITUCTUIE ..o 62
2.3.5.3 Mechanical BEhaVviour..........cccceeiiiiiii 63
2.3.6  Preventing Hydrogen Assisted Cracking of Hyperbaric Welds ..... 63
2.3.7  SUMIMATY ..ottt e e e e e e e e e e e e e e eenenes 64
2.4 Laser Welding in Hyperbaric Environment ..........ccccccccvvviiiiiiiiiniinennnn. 65
2.4 1 OVEIVIEW....ciiieeeiiitie e e e e e e e e ettt s e e e e e e e e eeea e a s e e e e e eeeeeesss e eeeeeeeeeenes 65
2.4.2 Laser Keyhole and Conduction Welding...........ccoovvvviiiiiiieeeniennnns 67
2.4.3 Induction Assisted Laser Welding...........cccoooveeeeiiiiiiiiiiiiie e, 70
2.4.3.1 Induction HEAtiNG .......ccooeeiieeeeeeee e 71
2.4.3.2 Process CharacCteristiCS..........uuuuuuriiiiieeeeieieiiiee e 71
2.4.3.3 Application of Induction Heating.............coooeeveeiieiiiiiieeee, 74
P S YU ] 01 0 = Y 76

3 Thermal Cycle and Metallurgical Investigation in Dry Hyperbaric

G AN 78
3.1 AIM ANd ODJECHIVES .....uviiiiiiiiiiiiiiiiiiiiiiiiie bbb 79
3.2  Materials and EQUIPMENT.........uuuiiiiiiiiiiiiiiiiiiiiiiiiieiieeeeieeeeeeeeeeeeeaees 80
Tt R |V - (= = | S 80
B2 1.1 SHEIS oot 80
3.2.1.2  WeldiNG WII...covei i 80
3.2.1.3  Chamber Gas......coouuuuiiiiiieieeieeeiie e 80
3.2.2  EQUIPMENT L.eiitiiiiiiiiiiiiitieieeeeii e 82
3.2.2.1 Hyperbaric Chamber ...........cccoooiiiiiiii e, 82
3.2.2.2 Welding POWETI SOUICE........uuiiiiiiiiiiieeeeiie e 82
3.2.2.3 Welding Control System..........cccoviiiiiiiiiiiieeiii e 83
3.2.2.4  Weld InStrumentation ...........oooveiiiiiiiinne e 84

3.2.2.4.1 Measurement of Welding Parameters and Thermal Cycle ... 84
3.2.2.4.2 Capacitance Discharge Welder ............ccccevveiiiiiiiiiieeiieeeenns 85

viii



3.2.25  CharacCteriSatiON ......c.u et 86

3.2.2.5.1 Metallographic Examination ............ccccceeeeeviiiiiiiiiiiieeeeeeeennnns 86
3.2.2.5.2 Micro Hardness Measurement ..........ccccceeevvevevvviiiiieeeeeeeennnns 86
3.3  Experimental Methods............uiiiiiiiiiiiieeie e 88
3.3.1 Welding Trials at Different PreSsures ...........cccccceevvveeiemiiennnnnnnnnnns 88
3.3.2 Cooling Block Calibration.............coeuuuuiiiiiiiiiieeiiiiiene e 90
3.3.3 Generation of Weld Thermal CycCle............cccouviviimiiiiiiiiiiiiiiiiiiinns 91
3.3.4 Measurement of Heat Input and Cooling Time ...........ccccccvvivnnnnns 91
3.3.5 Macrostructure and Microstructure Examination...............cccc...ee... 92
3.3.6  HardneSS TESt ...uiiiiciiieiece e 92
3.4 EXPerimental EITON .......coooiiiiiiiii e 93
3.5 RESUIS ..o ——— 95
3.5.1 Current and Voltage Waveforms............ccccueveeiiiiieiiiiiiiiiiiiiiiiininnns 95
3.5.2  Thermal CYCIES.......uuuuiiiiiiiiiiiiiiiiiii e 97
3.5.2.1 Weld Thermal Cycles of Different Steel Thickness ................ 97
3.5.2.2 Cooling Calibration.............cccoorviiiiiiiiiie e, 100
3.5.3 Heat Input and CooliNg TiME ............uuuumriiimmiiiiiiiiiiiiiiiiieieieeens 102
3.5.4 Macrostructure and Microstructure Examination...............cccc...... 105
3.5.4.1  MAaCIOSIIUCIUIE .. ccviiiiiieeee et 105
3.5.4.2  MICIOSIIUCLUIE .....coieeiiiiici e e e e e eeaans 106
3.5.5  HardNeSS TeSt ...uuiiii i e e e e e e e e eneees 111
3.6 DiscusSion Of RESUIS ...........uuuiiiiiiieiiieec e 115
3.6.1 Current and Voltage Waveforms...........cccoooeieeviiiiiiiiiiiiie e, 115
3.6.2 Thermal CYCIES......ccccoiiiiecee e 116
3.6.3 Heat Input and Cooling TIME .........coovviiiiiiiiieeeeeeeeciee e, 118
3.6.4 Macrostructure and Microstructure Examination......................... 120
3.6.4.1  MACIOSIIUCIUIE ....cceuiiii et eaa s 120
3.6.4.2  MICIOSIIUCIUIE ......ooeeiiiiiii e e e e e e e eaaans 122
3.6.5  HardnNeSS TeSt ...cciiiiiii i 123
G T A o ] o 1113 o] o SR 125
4  Process Characteristics of Traditional and Controlled Dip Transfer
GMAW at One AtMOSPNEIE. ..o 127
4.1 AIM and ODJECHIVES .......uuuiiiiiiiiiiiiiiiiiiiiiiiiiii e 128
4.2 Materials and EQUIPMENT............uiiiiiiiiii e 129
421 MaterialS ..ccooviiiiiiic e 129
4201 SUEEIS .o 129
4.21.2 WeldingWIre....coooo i, 129
4.2.1.3  Shielding Gas.........cceiiiiiiiiiieiiiie e 129



4.2.2  EQUIPMENT ...t 130

4.2.2.1 Fronius TPS CMT POWEr SOUICE ........cccovvveeiieeeeeeeeeeeeeeeeee, 130
4.2.2.2 EWM Alpha Q 552 RC Puls Power Source...........cccceuvvvnnnn. 132
4.2.2.3 ESAB LUD 450 POWEI SOUICE .......cccvvumiieiieiiiieeeeeiee e 134
4.2.2.4 ABB Welding RODOL ........ccooviiiiiiiiiieeeeeeeeie e, 135
4.2.2.5 Weld Instrumentation ............ooeeeeeiiiiieieen 135
4.2.2.6  CharaCteriSation ...........ccoeeeiieeieeeeeeeeeeee 136

4.3 Experimental Method ...........ccoooiiiiiiiiiiec e 136
4.3.1 Welding THalS .......uuiiiiiiii e 136
4.3.2 Measurement of Heat Input and Cooling Time ...........ccccccvvvnnnnee 137
4.3.3 Macrostructure EXamination .............ceiieeeeriiieiiiiiineeeeeeeeeeeiieinnnn 137
4.4  EXPErimental ErTOr ...........uuuuiiiiiiiiiiiiiiiiiiiiiiiiiii e 138
T (T U € 139
4.5.1 Current and Voltage Waveforms............ccceevvvvvviiiiii e, 139
4.5.2 Thermal Cycles, Heat Input and Weld bead profile..................... 142
4.6 DisSCUSSION Of RESUILS .......uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieib e 147
4.6.1 Current and Voltage Waveforms............ccccccueemiiiiiiiiiiiiiiiiiiiiinenns 147
4.6.2 Thermal Cycles, Heat Input and Weld bead profile..................... 149
O S o [ 11 11 (o] S 152
5 Laser Assisted GMAW (CMT) Trials at One Atmosphere .................. 154
5.1 AIM and ODJECHIVES ......ccooviiiiiee e 155
5.2 Materials and EQUIPMENT.........ccoooeeiiiiiiiiiiicee e 156
oI A |V = (= 4 = 1L 156
5.2.1.1  SEEEIS oo 156
52.1.2 WeldiNg Wi ....cooee oo 156
5.2.1.3 Shielding Gas........ccooeiiiiiieeeeeeeeeeee 156
5.2.2  EQUIPMENT oo aaaaes 156
5.2.2.1 Fanuc M710iB 45 RODOL.........cooveiiiiiiiee e 156
5.2.2.2 IPG YLR-8000 Fibre Laser...........uuuiiiiieeeeeieieeiiiiiiieeeeeeeeennnns 157
5.2.2.3  Weld Instrumentation ...........ccoovveviiiiiniee e ee e 158
5.2.2.4  CharacteriSatioN ............iiieeeeeeieeeiiiiise e e e e eeeeeeiin e e e e eeeeeeanes 158

5.3 Experimental Method ............ccoooiiiiiiiiiii e 159
5.3.1 Welding Trials with Constant CMT Parameters.................ccco..... 159
5.3.2 Welding Trials with Variable CMT Parameters ............c.....ccco..... 161
5.3.3 Welding Trials with Elliptical Laser Beam ............cccccccuvvvviinnnnnnne 161
5.3.4 Generation of Weld Thermal CycCle...........ccccuvviiiiiiiiiiiiiiiiiiiiiiins 161
5.3.5 Measurement of Heat Input and Cooling Time ............cccccuvvvnnnee 161
5.3.6 Metallurgical Characterisation..............cccceeveeeeieeeeeiiiiiiieeeeeeeeeeanns 162



B.3.7  HaArdNESS TSt e, 162

5.4  EXPerimental EITOr ...........uuuuuiuiiiiiiiiiiiiiiiiiiiiiiiiieeiieiiieeieeeeieeeeeeeeeeennees 163
5.5 RESUIS ..o 164
5.5.1 Weld Thermal CyCleS...........uuuuummimimiiiiiiiiiiiiiiiiiiiiiiiiiieeees 164
5.5.2 Effect of Laser Parameters on Weld Cooling Time and Time at High
Temperature for Constant CMT Parameters...........ccccvvviieieeeeeeeecvnvnnnnnn, 167
5.5.3 Effect of Wire Feed Speed on Weld Cooling Time for Constant
Laser Parameters........ccouuiiiiiiii et e 171
5.5.4 Metallurgical Characterisation...............ccceiiieieiiiieiiiiiiiiie e 171
5.5.4.1 Macrostructure Examination and Weld Quality .................... 171
5.5.4.2 Microstructure EXamination..........ccccoeeeeeeiiiiiieeeeeeeee e, 174
5.5.5  HardN@SS TeSt ...uuiiiiiiiiiiiiiiiiie et e e e enenes 177
5.6 DIsScuSSION Of RESUIS .........cuuuiiiiiiiiiiiieeie e 180
5.6.1 Weld Thermal CyCleS...........uuuuuimiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeees 180
5.6.2 Effect of Laser Parameters on Weld Cooling Time and Time at High
Temperature for Constant CMT Parameters...........ccccccvveeieeeeeeeeeeevivnnnnnn, 182
5.6.3 Effect of Wire Feed Speed on Weld Cooling Time for Constant
Laser Parameters........coouuiiiiiii e 184
5.6.4 Metallurgical Characterisation..............ccccoevieeeeiiiiiiiiiiiiee e, 185
5.6.4.1 Macrostructure Examination and Weld Quality .................... 185
5.6.4.2 Microstructure EXamination..........ccccoeeeeeeiiiiiie e, 186
5.6.5 HaArdNESS TSt ...uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiieibiiesieeeeeeeaeeeeeeeeeennesaannnne 187
S A o ] o 1113 o] o U 189
6 Numerical and Experimental Study of Temperature Distribution in
Laser ASSiSted GMAW (CMT) ..uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeieseeeeeeaees 191
6.1  AIM and ODJECHIVES ......cceviiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeee e 192
6.2 Experimental Procedure............cccceiiiiiiiiiiiiiiiiee e 193
6.2.1 Materials and EQUIPMENT ........ccoiiiiiiiiiiie e, 193
6.2.2 Experimental Method for Welding TrialS...........cccoevvieiiiiiieiinninn, 193
6.2.3 Determination of the Convective Coefficient under Different
PrESSUIES ... e et eaas 194
6.3 Finite Element Model (FEM)..........ccooiiiiiiiiiiiiiiiiiieeeeeeee 195
6.3.1 Computational Mesh...........ccovviiiiiiiiiiiiiiieeeee 195
6.3.2 Heat flux distribution for the model ...............cccovvivviiiiiiiiieees 196
6.3.3  Laser Neat fluX ........coooeiiiiiiiii e 197
6.3.4 GMAW (CMT) heat fluX ........cceeveiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee 197
6.3.5 Boundary CONditioNS ..........uoiiiiiiiiiiieiiiie e 199
6.3.6 Materials Properties ........ccoiiiiiiiiii i 199
6.4 RESUILS ....eiieee e eeaee 201
6.4.1 Analysis of temperature field distribution ...........ccccccceeeiiiiiinnnnnn, 201
6.4.2 Analysis of thermal data ..............cccoevveiiiiiii e, 204

Xi



6.4.3 Predictive capability of the model ...........ccccoooeiiiiiiiiiiiiiies 207
6.4.3.1 Thermal field and temperature profile for 50 mm process

0 15 7= 1 207
6.4.3.2 Laser assisted GMAW under high pressure..............ccceeee.. 209

6.5 DISCUSSION Of RESUILS ......ccoiiiiiiiiiiiiee e 213
6.5.1 Analysis of temperature field distribution ...........ccccccceeiiiiiiiiinin, 213
6.5.2 Analysis of thermal data ..............cccoovviiiiiiii e, 214
6.5.3 Predictive capability of the model ............cccoooeeiiiiiiiiiiiiees 215

6.5.3.1 Thermal field and temperature profile for 50 mm process
distance 215

6.5.3.2 Laser assisted GMAW under high pressure......................... 216
6.6 CONCIUSION ..cooiiiiiiiiiiiiiiicee e 218

7 Simulation of Moisture Pick-up and Hydrogen Analysis of Weld Metal
At ONE AtMOSPNEIE .. 220
7.1 AIM and ODJECHIVES ......ccovviiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeee e 221
7.2  Materials and EQUIPMENT.........oooviiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeee e 222
T7.2.1  MAEIAIS ... 222
7201 St 222
7.2.1.2 WeldiNgWIr....ccooiieeeei e 222
7.2.1.3  Shielding Gas.......coovvviiiiiiii e 222
7.2.2  EQUIPMENT cooiiiiiiiiiiiiiieeeeeeeeeeee ettt 222
7.2.2.1 Moisture Content Measurement..........cccceeeeeieeeeeeeeeeee e, 223
7.2.2.2 Strohlein H-Mat 2500 Hydrogen Analyser...........cc.ceeeeeeeennn. 225
7.3  Experimental Method ... 227
7.3. 1 Welding Trial.....cccovviiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeee e 227
7.3.2 Hydrogen Testing Procedure...............ouviiiiiieeeiieieiiiiee e, 228
7.3.3 Microstructure Examination and Hardness Test ........ccccccvvveeeee.. 229
7.4  EXperimental ErTOr ..o 230
7.5 RESUILS ..o 231

7.5.1 Moisture Levels and Hydrogen Concentration for CMT Welding 231
7.5.2 Moisture Levels and Hydrogen Concentration for Laser Assisted

CMT WEIAING oeeeiiiiiiiiieeieeeeeeeeeeeeeeeeeeeee et 232
7.5.3 Microstructure Examination and Hardness TesSt.............ccceeeeens 234

7.6  Discussion Of RESUILS ..........c.uiiiiiiiiiic e 240
7.6.1 Moisture Levels and Hydrogen Concentration.............ccccccceeeunn. 240
7.6.2 Microstructure Examination and Hardness TeSt............cccccceee. 243

A @0 ¢ [ox 111 o P 245

8 Practical Implications, Main Conclusion and Further Work .............. 247
8.1 Practical Implications of Research Findings...........cccccoevvieeivveeiiinnnnnn. 248

Xii



8.2  Main CONCIUSION ... 249

8.3 Recommendations for Further Work ............cccoevviiiiiiiiiiiineeieeeennn, 250
REFERENCES. ... oottt et e e 252
APPENDICES ... ettt et e e e et e e e e e eens 267

APPENAIX A oot a e e e a 267

APPENAIX B ... 268

Xiii



LIST OF FIGURES

Figure 1-1: World offshore crude oil producCtion.............ccouvuiiiiiieeiiiieeiiieeee e, 3
Figure 1-2: Deep water oil and gas producing COUNtries ................uuvvuvmeuernnnnnnnns 4
Figure 1-3: Picture of Trial vessel, Submersible Remote Pipeline Repair and Hot
Tap Welding @QUIPMENT .........uiiiiiiiiii i 7
Figure 1-4: Remote Hot Tap Cutting machine as used for the Asgard B Gas
COMPIESSION PrOJECT.....civiiiiiiiiiiiiiiiiiieieeeeeeeeeeee ettt 7
Figure 1-5: Schematic illustration of current and voltage outlines in short circuit
1V2=2 [ 11 o PR 9
Figure 1-6: Structure of research scope in this thesis ..............ccccvviiiinnne. 12
Figure 2-1: Schematic classification of underwater welding ..............ccccccueennes 19
Figure 2-2: Schematic of underwater welding in a dry condition ...................... 19
Figure 2-3: Thermal conductivity of argon (left) and helium (right) as a function
of pressure and tEMPErature ..........ccooveeeiiiiiiiiice e 23
Figure 2-4: Experimental data points of the thermal conductivity of argon:
Isobaric variation against teMpPerature ..............cccoevvvvveiiiie e 24
Figure 2-5: lllustration of approximate depth limits for arc welding processes . 25
Figure 2-6: Groove configuration for dry hyperbaric GTAW .........ccccccvveeeeeeeenn. 27

Figure 2-7: A typical hyperbaric GTAW pipe weld in the 6 o™ clock position of a
35.2 mm thick X70 steel Pipe welded under pressure equal to 200 m sea

[0 =7 o] 1o TN 27
Figure 2-8: Effect of seawater depth (pressure) on arc voltage used in dry

mechanised hyperbaric GTAW Of ro0t PaSsS.........ceeviieeeireieiiiiiiieeeeeeeeeeens 28
Figure 2-9: Schematic of GMAW arc behaviour at different pressures............. 30
Figure 2-10: Transient and time averaged voltage and current signals from a

GMA weld made at 2,500 m in an argon atmosphere ........ccccccccvvvveeeeennenn. 31

Figure 2-11: Transient voltage and current waveforms for (a) a dip transfer root
pass and (b) a self-adjusting pulsed fill pass made at a depth of 350 m ... 32
Figure 2-12: Photo-macrographs of solid wire orbital GMA welds (flat position)
made on 29 mm wall thickness X70 pipeline steel at a depth of 1,630 m . 35
Figure 2-13: Notch toughness of orbital GMAW welds made on 29 mm wall
thickness X70 steel at 1,630 m depth (a) 41 pass weld , (b) 28 pass weld 37
Figure 2-14: Notch toughness of an orbital GMA weld made on a super-

martensitic pipe at 1,630 M ......oooviiiiiiiiiiiiiiieieeeeeeeeeeeee e 38
Figure 2-15: Schematic illustration of butt weld pipeline repair ........................ 43
Figure 2-16: Schematic illustration of pipeline sleeve repair with fillet welds.... 43
Figure 2-17: Schematic illustration of hot tap welding ............ccccoooviiiiiii e, 44

Figure 2-18: lllustration of the Pipeline Repair System spread at the seabed .. 45

Figure 2-19: PRS welding habitat during installation for welding at Langeled
PIPEIINE ... 45

Figure 2-20: (left) Sleeve concept for pipeline connections and repairs. Inset
photograph shows a laboratory mock-up of a sleeve joint, (right) sketch of

the welded CONCEPL ......ccovvii e e 47
Figure 2-21: 3-Pass retrofit Tee fillet weld for remote hot tapping and 59-pass

Sleeve repair Weld ... 47
Figure 2-22: Hydrogen assisted crack in a sleeve repair fillet weld................... 50

Xiv



Figure 2-23: Schematic illustration of HAC using the pressure theory ............. 53
Figure 2-24: Decohesion theory describing HAC phenomenon (a) Model
representation (b) schematic illustration of the equilibrium hydrogen

(odo ] aTot=T o] 1 7=V [o ] o USSP 54
Figure 2-25: Schematic demonstration of crack propagation in high strength

steels based on Beacham’s assumption ..........ccccoevviiiiiiiiiii e, 55
Figure 2-26: Schematic illustration of the adsorption theory...........c.ccccceeee. 56

Figure 2-27: Schematic illustration of hydride theory showing crack propagation
in the metallic hydride region ahead of the crack tip by stress induced

hydride formation ... 58
Figure 2-28: Scatter band of hydrogen diffusion coefficients in micro-alloyed and
o)A o= T o To S == SRR 59
Figure 2-29: Schematic illustration of octahedral and tetrahedral lattice sites in
(a) FCC structure and (b) BCC StruCtUre..........ccuvveiiiieeeeeeeeeeiiiieee e 60
Figure 2-30: Influence of hydrogen content on fracture strain .......................... 61
Figure 2-31: Hydrogen distribution after welding, HAZ gets significant hydrogen
only near the MeIt liNE ..........coooririiii e 61
Figure 2-32: CCT diagram (1350 °C peak temperature) for X65 steel ............. 62
Figure 2-33: (a) Schematic of hybrid keyhole (b) conduction welding .............. 67
Figure 2-34: Principles of laser keyhole welding ..............cccccuviiiiiiiiiiiiiiiiiiiinns 68
Figure 2-35: Macrographs of hybrid keyhole (left) and conduction (right) welds
.................................................................................................................. 69
Figure 2-36: Schematic diagram of induction assisted laser processing.......... 70
Figure 2-37: INdUCION NEALING ........uuuriiiiiiiiiiiiiiiiiiiii e 71
Figure 2-38: Effect of induction heating on the thermal cycle during laser
PIOCESSING ..cceiiiiiiiiiieitett ettt ettt ettt et ettt ettt ettt e ettt e et e e e e e e e e e e e e e e eeaeeeees 72
Figure 2-39: Schematic of time- temperature curve: LBW + preheating (left),
LBW + annealing (Fght) ..........ooiiiiiiiiee e 73

Figure 2-40: Laser weld joint without induction (left) and with induction (right) 73
Figure 2-41: Three induction coils on a test pipe (left) and welding the branch

(MGNT) e 74
Figure 2-42: Welded (right) and bolted (left) differential gear sets.................... 75
Figure 3-1: 250 bar hyperbaric chamber ... 82
Figure 3-2: Fronius Trans Pocket TP 450 power sources in Series.................. 83
Figure 3-3: CONIol StAION ........uuuuiiiiiiiiiiiiiiiiiiiieb bbb 84
Figure 3-4: DL750 SCOPECOIUEN ......ueiiiiii ettt 85
Figure 3-5: Capacitance discharge Welder ................uuvuiiiiiiiiiiiiiiiiiiiiiiiiiiiiinnens 85
Figure 3-6: Zwick Roell micro hardness testing machine ................ccccoeeeeeeenn. 86
Figure 3-7: Photograph of completed weld on a 25 mm thick X65 pipeline steel

.................................................................................................................. 89
Figure 3-8: Photograph of completed weld on a 5 mm thick mild steel section 89
Figure 3-9: Set up for cooling block calibration...............ccccooveiiiiiiiie, 90
Figure 3-10: Arrangement of the R-type thermocouples inside the test piece

(Left) 25 mm and (right) S5 mm plate. ..o, 91
Figure 3-11: Schematic illustration of hardness measurement......................... 92
Figure 3-12: Transient behaviour of current and voltage at different pressures

for welds made with 8 m/min WFS and 7 mm/s welding speed ................ 96

XV



Figure 3-13: Thermal cycles measured with R-type thermocouples for 8 m/min
WEFS and 7 mm/s welding speed (top) 25 mm thick X65 steel (bottom) 5
MM thIiCK MIld STEEL......covviiiiiiiiiiiii e 98

Figure 3-14: Thermal cycles measured with K-type thermocouples for 8 m/min
WEFS and 7 mm/s welding speed (top) 10 mm from weld centre line on 25
mm thick plate (bottom) 10 mm from weld centre line for 5 mm thick plate99

Figure 3-15: Thermal cycles measured with K-type thermocouples for 8 m/min
WEFS and 7 mm/s welding speed: 5 mm from weld centre line for 25 mm

L8103 G o] = 1= PR 100
Figure 3-16: Cooling curves of heated steel block under different pressures. 101
Figure 3-17: Effect of pressure on cooling time ...........ccooovvviiiiiiii e, 102

Figure 3-18: Effect of pressure on cooling time for both material thicknesses
(top) between 800 °C and 200 °C and (bottom) between 800 °C and 500 °C

................................................................................................................ 104
Figure 3-19: Macrographs of welds made with 8 m/min WFS and 7 mm/s

welding speed for the 25 mm plate thickness...........cccoovvveviviiiiiiiiiinneeenn. 105
Figure 3-20: Weld bead profile of welds made with 8 m/min WFS and 7 mm/s

welding speed for the 25 mm plate thickness...........ccccovvveviviiiiiiiiinneeenn. 106

Figure 3-21: Microstructures of (top) penetration area and (bottom) heat
affected zone from sections marked on the macrographs (insert) for the
weld made at 1 bar with 8 m/min WFS and 7 mm/s welding speed ... 107

Figure 3-22:Microstructures of (top) penetration area and (bottom) heat affected
zone from sections marked on the macrographs (insert) for the weld made
at 18 bar with 8 m/min WFS and 7 mm/s welding speed ..............cc........ 108

Figure 3-23:Microstructures of (top) penetration area and (bottom) heat affected
zone from sections marked on the macrographs (insert) for the weld made
at 100 bar with 8 m/min WFS and 7 mm/s welding speed ...................... 109

Figure 3-24: :Microstructures of (top) penetration area and (bottom) heat
affected zone from sections marked on the macrographs (insert) for the
weld made at 200 bar with 8 m/min WFS and 7 mm/s welding speed .... 110

Figure 3-25: Vickers micro hardness map of the 8 m/min WFS and 7 mm/s
welding speed welds for the 25 mm thick plate for 1 and 18 bar pressures.
Units in mm and hardness measurement in HVgs5.....ccovvvveiieiiiiiivceennnee. 112

Figure 3-26: Vickers micro hardness map of the 8 m/min WFS and 7 mm/s
welding speed welds for the 25 mm thick plate for 100 and 200 bar

pressures. Units in mm and hardness measurement in HVgs................. 113
Figure 3-27: Comparing the hardness profiles of the same welds in figure 3-22
................................................................................................................ 114
Figure 4-1: The Fronius TPS 5000 CMT POWEI SOUICE ..........uuuverrrrmmmnnnrnnnnnnns 131
Figure 4-2: Schematic illustration of CMT power source with a robot............. 131
Figure 4-3: The EWM Alpha Q 552 RC Puls pOwer SOUICe............cccuvvvvennnnnns 133
Figure 4-4: Set up of the Alpha Q power source with robot............................ 133
Figure 4-5: ESAB LUD 450 POWET SOUICE .......uuuuuuuururnrrrnrinennninnnnnennnnnnnnnnnnnnees 134
Figure 4-6: The ABB welding robot and controller................ccccoeiviiiiiiiieeeennnn, 135
Figure 4-7: A completed weld showing the thermocouple inside the weld metal
................................................................................................................ 137
Figure 4-8: Transient relationship of current, voltage and power for short circuit
GMAW With 3 m/MIiNn WES.......oo e 140

XVi



Figure 4-9: Transient relationship of current, voltage and power for ColdArc

weld With 3 mM/MINWES ... 140
Figure 4-10: Transient relationship of current, voltage and power for CMT weld
WIth 3 M/MINWES ... e 141
Figure 4-11: Transient relationship of current, voltage and power for short circuit
GMAW With 8 M/MIN WES........o e 141
Figure 4-12: Transient relationship of current, voltage and power for ColdArc
weld With 8 M/MINWES ... 141
Figure 4-13: Transient relationship of current, voltage and power for CMT weld
WIth 8 M/MINWES ... 142

Figure 4-14: Weld thermal cycles for (left) 3 m/min and (right) 4 m/min WFS 143
Figure 4-15: Weld thermal cycles for (left) 5 m/min and (right) 6 m/min WFS 143
Figure 4-16: Weld thermal cycles for (left) 7 m/min and (right) 8 m/min WFS 144
Figure 4-17: Relationship between WFS and heat input for the three processes

................................................................................................................ 144
Figure 4-18: Relationship between WFS and cooling time for the three

[T 0T ot TS TS < PP 145
Figure 4-19: Macrographs showing the welds with (top) 5 m/min WFS and

(bottom) 6 M/MINWES ... 145
Figure 4-20: Macrographs showing the welds with (top) 7 m/min WFS and

(bottom) 8 M/MIN WS .....oeie e 146
Figure 4-21: Weld bead profile of the three processes...........ccccuvvviviinirnnnnnns 146
Figure 5-1: Photograph of the complete Fanuc welding robot system showing

the robot, controller and pendant ................ciiiiiiiiiiiieiiic e 157
Figure 5-2: Photograph of the laser system .........ccccooovviiiiiiiiiiie e, 158
Figure 5-3: Experimental set-up of laser assisted CMT process.................... 160
Figure 5-4: Schematic illustration of experimental Set Up .............eevveumvvinnnnnnns 160

Figure 5-5: The thermal cycle of CMT with an equivalent laser assisted CMT
weld of 6 kW laser power, 20 mm beam diameter and O mm process

(053 7= (o= 165
Figure 5-6: Effect of process distance on the thermal cycles of welds made with

20 mm laser beam diameter and 6 kW laser power ............ccccceeeeeeeeennnns 165
Figure 5-7: Thermal cycles of welds with 3 kW laser power, 20 mm beam

diameter, 10 mm process distance and varying wire feed speeds.......... 166

Figure 5-8: Thermal cycles of different beam shapes (left) 6 kW and (right) 3 kW
laser power with the same 20 mm beam diameter, and 20 mm process
[0 1S 7=V g o = USRS 166
Figure 5-9: Thermal cycles of different beam shapes (left) 6 kw and (right) 3 kW
laser power with the same 20 mm beam diameter, and 0 mm process

(0151 7=V g (o = PSSR 166
Figure 5-10: Effect of beam diameter and process distance at constant (6 kW)
power 0N COOIING tIME .....viiiii e 168
Figure 5-11: Effect of specific point energy on cooling time for 6 kW laser power
and 5 mm process diStanCe ...........ovviviiiiiiiiieiee e 168
Figure 5-12: Effect of laser power on cooling time .............cccccvviiiiiiiiiinininnnnns 169
Figure 5-13: Relationship between process distance and total residence time
over 300°C for welds with 6 kW power and 20 mm beam diameter ........ 169

Xvii



Figure 5-14: A response surface and contour plot showing the effect of laser
power and beam diameter interaction on cooling time at 10 mm process

(0153 = (o= 170
Figure 5-15: Effect of wire feed speed to travel speed ratio on the cooling time
for laser assisted CMT welds with constant laser parameters................. 171

Figure 5-16: Macrographs of CMT weld with 5 m/min WFES (top) and equivalent
laser assisted weld of 6 kW laser power, 20 mm spot size and 20 mm
process distance (DOTEOM) .......cooiiiiiiiiiie e 172

Figure 5-17: CMT welds with different WFS and 7 mm/s welding speed ....... 173

Figure 5-18: Laser assisted CMT welds with 3 kW laser power, 20 mm beam
diameter and 20 mm process diStanCe .............ceeviieeeeeeeeeiiiiiiieee e eeeeeeeanns 173

Figure 5-19: Microstructure of (top) CMT and (bottom) laser CMT welds with 5
m/min WFS, 6 kW laser power, 20 mm beam diameter and 20 mm process
[0 1S 7=V g o = OSSR 175

Figure 5-20: Coarse grained HAZ microstructure (left) CMT and (right) laser
CMT weld with 5 m/min WFS, 6 kW laser power, 20 mm beam diameter

and 20 mm process diSTANCE ...........ceeiieeeeiiiieeiiee e 176
Figure 5-21: Vickers micro hardness map of the 5 m/min WES CMT weld. Units
in mm and hardness measurement iN HVo5 ..o 178

Figure 5-22: Vickers micro hardness map of laser assisted CMT weld with5
m/min WFS, 3 kW power, 20 mm beam diameter and 20 mm process
distance. Units in mm and hardness measurement in HVgs .............eeee. 178

Figure 5-23: Vickers micro hardness map of laser assisted CMT weld with5
m/min WFES, 6 kW power, 20 mm beam diameter and 20 mm process

distance. Units in mm and hardness measurement in HVos5 .....covvvvenn... 179
Figure 5-24: Comparing the hardness distribution of CMT weld with that of laser
assisted CMT welds of different laser pOWer................uvvvieeiiiiiieiiiiiiinnnnns 179
Figure 6-1: K-type thermocouple position on a welded specimen .................. 194

Figure 6-2: FEM mesh and cross section of test piece geometry. (a) Isometric
view of the model; (b) geometry of the weld bead; (c) enlarged top view of

the focused area indicated by the red square in (&) .........ccccccvvvviiiinnnnnns 196
Figure 6-3: Goldak’s double ellipsoid heat source model .................ccooevnnnnnn. 198
Figure 6-4: Temperature-dependent materials properties ............ccccuvvvvvennnnns 200

Figure 6-5: (Top)Temperature distribution of weld with 6 kW laser power, 20
mm process distance, 20 mm beam diameter and 5 m/min WFS. (Bottom)
measurement of weld penetration depth...........coccoviiiiiiiiiiiieee, 202

Figure 6-6: Macrographs of CMT weld (left) and laser CMT assisted weld (right)
of 6 kW laser power, 20 mm process distance, 20 mm beam diameter and

5m/MIN CMT WES ...t a e e e e e e enenes 202
Figure 6-7: Temperature distribution of weld with 3 kW laser power, 20 mm
process distance, 15 mm beam diameter and 5 m/min CMT WFS ......... 203

Figure 6-8: Macrographs of CMT weld (left) and laser CMT assisted weld (right)
of 3 kKW laser power, 20 mm process distance, 15 mm beam diameter and

5M/MIN CMT WES ...t 203
Figure 6-9: Comparing the thermal cycle of model and experiment at different
positions on the material surface............ccoooeviviiiiiiiii e, 205

Figure 6-10: Thermal cycles of the weld metal for model and experiment for 6
kW laser power, 20 mm beam diameter and 20 mm process distance ... 206

Xviii



Figure 6-11: Thermal cycles of the weld metal for model and experiment for 3
kW laser power, 15 mm beam diameter and 20 mm process distance ... 206
Figure 6-12: Temperature distribution of weld with 3 kW laser power, 50 mm
process distance, 20 mm beam diameter and 5 m/min WFS................... 208
Figure 6-13: Predicted thermal cycles of the weld metal for 3 kW laser power,
20 mm beam diameter and 50 mm process distance...........ccccccvvveeeeeenn. 208
Figure 6-14: Calibration of the convection coefficients under different pressures
................................................................................................................ 210
Figure 6-15: Simulated thermal cycles of laser assisted CMT welding with 5
m/min WFES and 7 mm/s welding speed on a 25 mm plate thickness for 6
kw laser power, 20 mm beam diameter and 20 mm process distance.... 211
Figure 6-16: Simulated thermal cycles of laser assisted CMT with 5 m/min WFS
and 7 mm/s welding speed on a 5 mm plate thickness for 6 kw laser power,
20 mm beam diameter and 20 mm process distance.........cccccccceveeveeeennn. 211
Figure 6-17: Comparing the weld cooling time with and without laser heating for
a 25 mm plate thickness with 8 m/min WFS and 7 mm/s welding speed 212
Figure 6-18: Comparing the weld cooling time with and without laser heating for
a 5 mm plate thickness with 8 m/min WFS and 7 mm/s welding speed .. 212
Figure 7-1: Dimension of the test pieces marked as (C) and run-on and run-off

plates marked as (D) .......ccovvviiiiiiiiiiiiiiiiiiiieeee e 222
Figure 7-2: Set-up for monitoring of moisture level in the shielding gas (Top)
photograph of equipment (bottom) schematic illustration........................ 224
Figure 7-3: The Strohlein H-Mat 2500 equipment units used for hydrogen
ANAIYSIS .ttt 226
Figure 7-4: Experimental set-up for welding............ccooovviiiiiiiiii e, 228
Figure 7-5: Relationship between moisture level and the deposit weld metal
hydrogen concentration for CMT ... 231
Figure 7-6: Relationship between moisture level and the deposit weld metal
hydrogen concentration for laser assisted CMT ........ccccooveevviviiiiiiicinneeeenn. 233

Figure 7-7: Effect of laser power on the deposit weld metal hydrogen
concentration for different moisture levels for 20 mm process distance.. 233
Figure 7-8: Microstructure of the weld metal with 300 ppm moisture level in the

shielding gas (top) CMT and (bottom) laser assisted CMT ..................... 235
Figure 7-9: Microstructure of the weld metal with 10,000 ppm moisture level in
the shielding gas (left) CMT and (right) laser assisted CMT.................... 236

Figure 7-10: Microstructure of the weld metal and HAZ with 300 ppm moisture
level in the shielding gas (left) CMT and (right) laser assisted CMT ....... 237

Figure 7-11: Microstructure of the weld metal and HAZ with10,000 ppm
moisture level in the shielding gas (left) CMT and (right) laser assisted CMT

................................................................................................................ 238
Figure 7-12: Hardness profiles of the CMT and laser assisted CMT welds for

different moisture levels in the shielding gas.........ccccoovevviiiiiiinceeennn, 239
Figure 7-13: Hydrogen diffusion coefficient of ferritic steel..............cccccuvvvnnnee 242

XiX



LIST OF TABLES

Table 2-1: Comparison of the hydrogen diffusion rate and solubility of common
StEEl MICTOSIIUCTUIES ... 59
Table 3-1: Chemical composition of steel grades............ccoeevvviiiiiiieeeeeeeiiinnnnnn. 81
Table 3-2: As-Deposited Welding Chemical Composition ...........cccccevvvvveveeeennnn. 81
Table 3-3: Data of Co0liNg TIME.........uuuiiiie e e 94
Table 3-4: Weld cooling times for 8 m/min WFS and 7 mm/s welding speed. 103

Table 3-5:
Table 4-1:
Table 6-1:
Table 6-2:
Table 6-3:

Average power consumption of the welds at different pressures .. 103

Chemical composition of G4Sil1 welding Wire.............cccccvvvevennnnnns 129
Heat SOUICE ParamMeterS........ccuviiiiieiii e 199
Weld bead profile of experimental welds...........ccccccvvvvviviiiiiinnnnnn. 201
The convection coefficient at different pressures ...............cccceee. 210

XX



LIST OF NOMENCLATURE

A; and d; Variation of time

Pinst Instantaneous arc power

Ar Argon

CoO, Carbon dioxide

O Oxygen

Ni Nickel

Mo Molybdenum

H. Hydrogen

Cr Chromium

Ti Titanium

HV Vickers hardness

Omax Maximum tensile stress
Fy, Maximum cohesive resistive force
HD Hydrogen concentration
Eg Binding energy

K Boltzmann’s constant
Ms Martensite start

Qweld Weld heat input

Qcmr CMT heat input

Qraser Laser heat input

n Process efficiency

%4 Arc voltage

I Welding current

v Welding speed

XXi



Standard error of mean
Specific point energy
Interaction time

Hydrogen in deposit metal

XXii



LIST OF ABBREVIATIONS

3-D Three Dimensions

AC Alternating Current

AF Acicular Ferrite

AWS American Welding Society

BCC Body Centred Cubic

BCT Body Centred Tetragonal

BM Base Metal

BS British Standard

CcC Cold Cracking

CCT Continuous Cooling Transformation
CE Carbon Equivalent

CGHAZ Coarse Grained Heat Affected Zone
CMT Cold Metal Transfer

CTWD Contact Tip to Work Distance
EPRS Emergency Pipeline Repair System
FCAW Flux Cored Arc Welding

FCC Face Centred Cubic

FGHAZ Fine Grained Heat Affected Zone
FPSO Floating, Production, Storage and Offloading
Fz Fusion Zone

GBF Grain Boundary Ferrite

GMAW Gas Metal Arc Welding

GoM Gulf of Mexico

GTAW Gas Tungsten Arc Welding

XXxiii



HAC Hydrogen Assisted Cracking

HACC Hydrogen Assisted Cold Cracking
HAZ Heat Affected Zone

HC Hydrogen Cracking

HCP Hexagonal Close Packed

HEAC Hydrogen Environment Assisted Cracking
HIC Hydrogen Induced Cracking

HISC Hydrogen Induced Stress Cracking
HSLA High Strength Low Alloy Steel
IHAC Internal Hydrogen Assisted Cracking
w International Institute of Welding

M Martensite

MAG Metal Active Gas

MIG Metal Inert Gas

MMAW Manual Metal Arc Welding

oD Outside Diameter

OoP Oxidation Potential

PF Polygonal Ferrite

PRS Pipeline Repair System

RCU Remote Control Unit

RMS Root Mean Square

ROV Remotely Operated Vehicle

RPRS Remote Pipeline Repair System
SCT Short Circuit Transfer

SMAW Shielded Metal Arc Welding

XXIV



SMYS Specified Minimum Yield Stress

STT Surface Tension Transfer
TIG Tungsten Inert Gas

TS Travel Speed

VME Virtual Machine Environment
WCS Weld Control System

WF Widmanstatten Ferrite

WFS Wire Feed Speed

WM Weld Met

XXV



1 Introduction

Scope

This chapter presents an overview of the industrial background and
developments of dry hyperbaric welding of deep water pipelines. The aim and

objectives of the research and thesis outline are also presented.
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1.3.  Motivation for the Research Project..............coooiiiii, 10
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1.5. Structure of the Thesis........cooiiiiii e 14




1.1 Industrial Background

Underwater welding in an environment of inert gas at elevated pressure is
referred to as dry hyperbaric welding. It is a technique that is used for the high
quality installation and repair of offshore steel structures *. The term dry
hyperbaric welding is to stress that the welding arc is not making close contact
with the surrounding water as is the case with wet welding %°. Less critical weld
repair of offshore structures can be undertaken by wet welding, which involves
divers employing manual metal arc welding (MMAW) techniques at relatively
shallow water depths.

To date mechanised hyperbaric welding projects executed by petroleum
companies or their contractors are diver-assisted and are implemented at
relatively shallow water depths using semi-automated Gas Tungsten Arc
Welding (GTAW), which has been shown to become increasingly unstable
beyond 300 m 2% '2°  Also, there is legislation in Norway that stipulates a
maximum diver’s depth of 180 m. This and the need for cost effective solutions
for equipment installation and repair in increasingly remote offshore
environments whilst ensuring safety of operating personnel and the
environment has driven research efforts towards the development and

implementation of diver-less or remotely operated hyperbaric welding.

The ever increasing global demand for oil and natural gas against the
background of dwindling onshore production during the last two decades has
driven petroleum companies to explore remote offshore locations *?°. Offshore
oil and gas production from shallow water (< 400 metres), deep water (>400 to
<1,500 metres), and ultra-deep water (>1,500 metres) has been remarkable in
the last fifteen years, with deep water production making steady continuous
growth (Figure 1-1) '¥’. Since reservoirs in shallow waters have been
extensively explored, drilling activities and pipeline installation are being shifted

into increasingly deep waters.

Production from deep water started in the 1990s, and rapidly reached 1.5

million barrels per day (mb/d) by 2000. This has since tripled to about 4 mb/d in



2010 (Figure 1-1), and both deep water and ultra-deep water productions are

predicted to make significant contributions to global supply in years to come *2’.
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Figure 1-1: World offshore crude oil production **’

In the last decade, offshore contributed about 70% to the major petroleum
discoveries worldwide, with the US Gulf of Mexico (GoM) being the most
significant deep water region in terms of investment and production *2”. About
one-third of global deep water spending of about $21 billion was invested in this
region in 2009, contributing almost one third of US crude oil output of 5.3 mb/d
in the same year *?’. Other notable deep water producers are: Brazil, Angola
and Nigeria, which together with the US account for three-quarters of world
deep water production in 2010 **’. The remainder comes from thirteen other
countries as shown in Figure 1-2. Although not included in Figure 1-2, Ghana is
an emerging deep water producer on account of recent discoveries and

investments.
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Figure 1-2: Deep water oil and gas producing countries **’

Currently many deep water fields are being exploited by Floating, Production,
Storage and Offloading vessels (FPSOs), which are shuttle tankers with high
operating cost °*. The exploitation of deep water fields by laying a large network
of subsea pipelines for transporting the crude oil from the fields to shore without
the need for production platforms would considerably reduce operating costs.
Such pipeline facilities are presently not widely available, although there have
been significant developments in Europe. There are indications that globally,
North West Europe is currently the main region where significant subsea
pipeline installation and repair have been carried out using hyperbaric welding

operations %°

There is considerable experience in the oil and gas industry for repair of
pipelines in shallow waters. The repair and maintenance is done by diver-
assisted hyperbaric welding operations. Statoil and Subsea 7 are notable
companies that have developed reliable hyperbaric systems that have been
used to weld a range of pipe diameters under different water depths. Statoil and
Norsk Hydro developed the Pipeline Repair System (PRS), which is a
comprehensive suite of tools for the tie-in and contingency repair welding of
subsea pipelines. It is managed by Statoil on behalf of 40 companies that share

costs in order to have access to the equipment . Subsea 7 utilizes a similar



system called the Emergency Pipeline Repair System (EPRS) for the same
applications. These systems have been successfully deployed in the North Sea
and different parts of the world with excellent results 8'. For example, in 2011,
Technip performed 4 ties-ins of 48” (1219 mm) diameter pipeline in the Baltic

Sea for Nord Stream pipeline using the PRS .

In the North Sea or the near reaches of the GoM where oil exploration has been
relatively intensive, there is an existing comprehensive network of pipelines for
conveying petroleum products from the offshore field to land °*. The cost of
developing neighbouring fields may be considerably reduced by linking new
production facilities to the existing infrastructures through hot tap welding onto a
nearby pipeline *. Similarly, some production platforms which were installed in
the North Sea in the 1970s/80s and are coming to end of production life are
being decommissioned. These will require hyperbaric welding intervention to
install by-pass pipeline arrangements in order to retain the use of existing

pipeline infrastructure %°.

The construction and repair welding of deep water pipelines will require the use
of robust techniques that can meet the challenges of working in such extreme

environments.
1.2 Developments in Deep Water Pipeline Welding

It is crucial to ensure the structural integrity of a deep water pipeline welded
joint, and this requires welding procedures that will produce welds with
acceptable mechanical properties under such a remote and demanding service
environment. Hyperbaric welding is an important underwater welding technique
and offers huge prospects for deep water pipeline welding. Welding is
performed inside a subsea habitat which prevents the physical contact between
the welding arc and surrounding water. This has made it possible to produce
welds with better mechanical and metallurgical properties than those made with
a wet-welding technique, and in most cases as good as those made at one
atmosphere . It has been used for high quality installations and repairs around

the world, particularly in the North Sea region for many years.



Research in this area over the past decade has focused primarily on the
development of remotely controlled hyperbaric welding for deep water
applications. Cranfield University has been involved in research and
development on hyperbaric welding for over three decades. The University has
a unigue hyperbaric welding chamber that has been designed to simulate
pressure conditions down to 250 bar, which is equivalent to 2,500 m water
depth. The capability of this facility is more than twice that of any other chamber
of comparable size in the world 8. The Engineering and Physical Science
Research Centre (EPSRC) as well as companies such as Statoil, Subsea 7,
BP, Chevron, Texaco, lIsotek, and Esab funded a series of research
programmes in the late 1990s. Statoil has since further invested in hyperbaric
welding procedure qualification for deep water pipeline repair and hot tap

welding applications.

These programmes have led to the development of a fully automated
hyperbaric Gas Metal Arc Welding (GMAW) process with potential operational
capability of welding up to 2,500 m of sea depth for pipeline repair and hot tap
welding operations. The process has been selected as the initial technology for
sleeve repair of large diameter pipeline (i.e. greater than 30”), for operations
down to 1,000 m water depth ®. Field trials in 2011 in a Norwegian Fjord
performed at sea depths of 370 m and 940 m for hot tap and sleeve repair
applications respectively demonstrated the robustness of the process (Figure
1-3) 1%, This was followed in 2012 by the first ever completely remotely
operated hot tap installation on a live gas pipeline, without stopping the pipeline
production. This feat was achieved by Statoil when a tie-in point was welded on
to the Asgard B production flow line at a water depth of 265 m (the remote hot

tap cutting machine is shown in Figure 1-4) %,



Figure 1-3: Picture of Trial vessel, Submersible Remote Pipeline Repair and Hot
Tap welding equipment ®

Figure 1-4: Remote Hot Tap Cutting machine as used for the Asgard B Gas
Compression Project **°

Ensuring quality is paramount in these applications requiring the most reliable
processes possible. Issues in hyperbaric welding are that as water depth
increases, there is a corresponding increase of gas density and thermal
diffusivity in the welding habitat due to elevated pressures. In addition, the
surrounding sea water at a temperature of about 4 °C acts as heat sink. There
is also the difficulty of effective preheating for thick sections of subsea pipelines,
which requires a significant amount of energy to be transported to great water
depths. These factors combined result in a high weld metal cooling rate and
possible formation of microstructures susceptible to Hydrogen Assisted
Cracking (HAC). Maintaining sufficient heat in the welding zone is vital to avoid
a potential cracking tendency, especially as moisture pick-up may be difficult to
avoid during hyperbaric welding operations. Improved weld zone heating would

reduce the weld metal cooling rate, and allow enough time for the absorbed



hydrogen to diffuse out before solidification, reducing the risk of Hydrogen
Assisted Cracking.

The GMAW process performs significantly better than other arc processes at
higher pressure because it is less sensitive to variations in pressure ** 1%
making it a viable preference for deep water hyperbaric welding applications.
Nevertheless, in order to achieve a stable welding process, it is operated with a
very short arc length of the order of 1 mm — 2 mm %% %313 This is to counteract
the formation of opposing electromagnetic plasma jets which cause instabilities
due to the high rate of heat extraction from the welding arc >***°. The arc length
can be controlled either by adopting a short circuit or dip molten metal transfer

condition, or by operating a self-adjusting arc *?°.

Dip transfer GMAW is characterised by low heat input due to low welding
current and voltage °% *°% 1% During short circuiting, the welding wire touches
the molten weld pool, momentarily extinguishing the arc. At the initiation of short
circuit, the arc voltage drops rapidly due to the low electrical resistance of the
arc caused by the liquid bridge > *°. Simultaneously, the welding current rises
quickly to the short circuit current (Figure 1-5). The combined effects of
electromagnetic pinch force and surface tension helps in molten metal droplet
detachment thereby breaking the short circuit. When the liquid bridge breaks,
the voltage rises quickly in order to re-establish the arc (Figure 1-5). According

0 the arc re-ignition takes place at a fairly high electrical power

to Goecke
because of induction in the welding circuit giving rise to significant spatter level

that can affect weld quality.
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Figure 1-5: Schematic illustration of current and voltage outlines in short circuit
welding *°

For the research presented in this thesis, an industrial laser has been
investigated in conduction mode for the purpose of providing significant
additional heat input to control weld thermal cycles of hyperbaric GMAW.
Advanced GMAW power sources such as the Fronius Cold Metal Transfer
(CMT) and EWM ColdArc have also been investigated for reduced weld spatter
generation. For subsea applications, the laser beam may be delivered through
an optical fiore from a surface vessel to the welding habitat. The approach
involves using a defocused laser beam at a lower power density (~10° Wmm),
which does not cause material vaporisation in combination with the GMAW
process. The laser will thermally assist the arc welding process by providing
significant additional heating to the welding zone to reduce the cooling rate;

hence the term laser assisted arc welding.



1.3 Motivation for the Research Project

The Remote Pipeline Repair System (RPRS) is new equipment being
developed by Statoil to be deployed and operated remotely for fillet welded
sleeve repair applications. Field trials have been successful but with significant
levels of weld spatter. Induction heating has not yet been found to be an
effective means of pre-heating. This is further exacerbated by the high degree
of cooling from the sea water, which acts as a heat sink surrounding the welding
habitat at a temperature of about 4 °C. The heat extraction is more extreme for
the remote hot tap welding application when the pipeline is conveying live gas
product as this further increases the weld pool cooling rate. There is also the
potential presence of water vapour inside the welding habitat. When these
factors are combined with the relatively low heat input of the hyperbaric GMAW
process used to date, there is a risk that welds are produced with hardened

metallurgical phases which increase the risk of hydrogen assisted cracking.

The main motivation for this research is therefore to investigate improving the
quality and reliability of remote hyperbaric welding by applying laser heating as
an additional heat source to GMAW in order to reduce the risk of hydrogen
assisted cracking and improve the resultant mechanical properties. In addition,
controlled dip transfer GMAW processes have been studied in conjunction with

the laser heating to minimise weld spatter.

The primary research questions to be addressed here are: can the remote
hyperbaric GMAW process be significantly improved by the use of laser heating
to reduce sensitivity to HAC and controlled dip transfer to reduce weld spatter

levels?
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The technical approach to the research work was developed with the following
points, as illustrated in Figure 1-6:

e Investigation of thermal cycle and metallurgical characteristics of
hyperbaric GMAW by analysing current and voltage waveforms,
determination of heat input and cooling rate, weld bead shape and
hardness mapping. This is to fully understand the effect of pressure on
weld cooling rate and resultant mechanical properties

e Characterisation of traditional and controlled dip transfer GMAW by
comparing current and voltage waveforms, heat input and cooling rate,
and weld bead profiles of standard short circuit GMAW with CMT and
ColdArc for a potential improvement of weld quality by reducing
spattering

e Characterisation of laser assisted GMAW at atmospheric conditions
through determination of optimised laser and GMAW parameters,
thermal cycles and cooling rates, effect of beam shape on cooling rate,
microstructural evaluation and hardness measurement. This is to
investigate applying a laser in combination with GMAW for additional
weld zone heating.

e Development of a thermal model to simulate the thermal cycle and
resulting cooling rate of the weld metal and HAZ. This is to characterise
the weld thermal profile of laser assisted GMAW, and potentially predict
weld cooling rates under different conditions.

e Evaluate moisture pick-up and hydrogen analysis of the weld metal for
GMAW and laser assisted GMAW to demonstrate the potential influence

of a laser in removal of weld metal diffusible hydrogen content.
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Thermal Cycles and Metallurgical characteristics in Dry Hyperbaric GMAW \

Current and voltage waveform and heat input variation

Determination of thermal cycles and cooling rate

Determination of influence of conduction and convection on cooling rate

Weld bead shape characterisation

Microstructure analysis and hardness mapping J

/Characterisation of Traditional and Controlled Dip Transfer GMAW \

e To understand and compare the current and voltage waveforms of short
circuit GMAW with that of CMT and ColdArc

e Determine thermal cycles, cooling rate and heat input of the processes
e Compare Weld bead profiles
\ e  Assess the suitability of CMT and ColdArc for hyperbaric welding J
KCharacterisation of Laser Assisted GMAW \

Determine the optimum laser and arc parameter to reduced cooling rate
Determine and compare thermal cycles and cooling rate of GMAW and
laser assisted GMAW

Investigate the effect of elliptical beam shape on weld cooling rate
Microstructure analysis and hardness profile of GMAW and laser assisted

\ ) GMAW )
N

Development of Thermal Model \

e Understand the temperature distribution and cooling rate of the weld metal
and HAZ of:
» Laser assisted GMAW at one atmosphere, and
» Laser assisted hyperbaric GMAW

e Validate thermal model with experimental data J
Moisture pick-up and Hydrogen Analysis \

e Introduce different moisture levels into shielding gas
e Determine weld metal hydrogen content for:
> GMAW, and
» Laser assisted GMAW
e Evaluate the influence of laser in removal of weld metal diffusible hvdrooen)

Figure 1-6: Structure of research scope in this thesis
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1.4 Aim and Objectives

The primary aim of this thesis is to investigate a laser assisted GMAW process
to provide additional significant heat input to reduce the hydrogen assisted
cracking tendency and lower weld spatter in hyperbaric welding operations. A
laser in conduction mode has been investigated for the purpose of providing
additional heat input to control weld thermal cycles, and an advanced GMAW
power source such as Cold Metal Transfer (CMT) and ColdArc have been used

to minimise spatter levels.
The main project objectives are as follows:

(1) Investigate and characterise the cooling rates associated with the
current  remote hyperbaric GMAW process at different pressure
levels;

(i) Investigate the use of a laser in conduction mode to control weld
thermal cycles in GMAW, and to assess the potential improvements
offered; and

(i)  Evaluate the influence of a laser operated in the same mode as (ii) in
the removal of weld metal hydrogen levels, and to demonstrate the

significance of the findings.
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1.5 Structure of the Thesis

This thesis is organised in 8 chapters and appendices.

Chapter 1 presents an overview of the industrial background and development
of dry hyperbaric welding of deep water pipeline, the main aim and objectives of
the research and the structure and organisation of the thesis.

Chapter 2 presents a literature review, which is focused on the main areas of
this research: hyperbaric welding, hydrogen assisted cracking, and laser

welding in a hyperbaric environment.

Chapters 3, 4, 5, 6, and 7 comprise the main experimental works covered by
this research. This includes: the equipment and materials, experimental

methods, results and their analysis, discussion and conclusion.

Chapter 3 reports on the investigation of the weld pool thermal cycles and
metallurgical characteristics in dry hyperbaric GMAW at different pressures

varying from 1 bar to 200 bar.

In Chapter 4, the process characteristics of traditional dip molten metal transfer
or short circuit GMAW is compared with some advanced GMAW power sources
such as Cold Metal Transfer (CMT) and ColdArc. The heat input, current and

voltage waveforms, thermal cycles and weld bead profiles are compared.

Chapter 5 is the central focus of this research. It presents studies on laser
assisted controlled dip transfer GMAW (CMT) trials at one atmosphere. The
control of the thermal cycle of CMT welding by the use of a laser in conduction
mode in terms of extended weld pool cooling time and longer resident time at

high temperature was presented.

Chapter 6 presents the numerical study of temperature distribution in laser
assisted GMAW (CMT). This covers the development and application of a
predictive model which was then calibrated by experimental data. The model

may be used under different pressures.
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Chapter 7 reports the final experimental work. This covers a study on the
simulation of moisture pick-up and hydrogen analysis of the weld metal at one
atmosphere for laser assisted GMAW (CMT).

Finally, in chapter 8 the practical implications and main conclusions of the work

developed as well as recommendations for further work are presented.
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2 Literature Review

Scope

This chapter reviews the three main areas of this research focus: dry hyperbaric
welding, hydrogen assisted cracking in hyperbaric welding and laser assisted
welding in hyperbaric environment. Underwater welding in general is briefly

discussed before focusing on the main areas.

2.1. Underwater Welding..... ..o 18
2.2. Dry Hyperbaric Welding.........ccooiiiiii e 20
2.3. Hydrogen Assisted Cracking in Hyperbaric Welding............................ 49
2.4. Laser Welding in Hyperbaric Environment...................ccooiiiiiiienn, 65
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2.1 Underwater Welding

Welding is vital for structural applications in nearly all manufacturing industries
including the oil and gas industry. Although mechanical connectors may be
used, welding remains the most reliable and efficient method for installation and
repair of large diameter subsea pipelines "°, and it has enhanced the

development of offshore construction over the years.

Underwater welding came into existence in 1917 and was further developed in
the 1990s . It is largely used for repair and maintenance of offshore structures
and for localised repair of barges and ships. The American Welding Society
(AWS) D 3.6, Specification for Underwater Welding classifies underwater

welding currently in use into five categories 3.

e Dry Welding at One Atmosphere —Welding is carried out in a pressure
vessel at approximately one atmosphere pressure and it is independent
of depth.

e Dry Welding in a Habitat — Welding is carried out at ambient pressure in
a habitat from which water is displaced with gas such that the
welder/diver works without diving equipment.

e Dry Chamber Welding — Welding is performed at ambient pressure in a
dry habitat with an open bottom that allows only the head and shoulders
of the welder/diver in full diving equipment

e Dry Spot Welding — Welding in a small transparent enclosure that is
filled with gas at ambient pressure and the welder/diver is outside in the
water

e Wet Welding — Welding at ambient pressure with the diver/welder in the
water without any barrier between the welding arc and water.

Labanowski et al

presented a detailed review of underwater welding
processes and gave a schematic classification of the different categories as
shown in Figure 2-1, while Figure 2-2 represents underwater welding in a dry
condition. In Figure 2-1 the five techniques described above are grouped into

three categories. Some authors simply classified welding as wet or dry under
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water welding while in addition, others included coffer dam welding, which is
welding in a dry chamber that is open to the atmosphere. Other techniques of
underwater welding considered in the literature were solid state welding

processes such as explosive and friction welding ™.

UNDERWATER WELDING
|
[ \ |
WET LOCAL CAVITY DRY
WELDING WELDING WELDING

Figure 2-2: Schematic of underwater welding in a dry condition
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2.2 Dry Hyperbaric Welding

2.2.1 Overview

Dry hyperbaric welding or simply hyperbaric welding, which is the second
category shown in the AWS classification was first used in the Gulf of Mexico
(GoM) in September 1967 by Ocean Systems Limited for hot tap and tie-ins.
Afterwards, it has become a common underwater joining method for steel
components in the North Sea but less frequently used in the GoM %2, This may
be because hyperbaric welding operations were mostly carried out at shallow
water depths in the North Sea. Also, offshore operators and petroleum
companies appear to be less confident about repairing damaged pipelines in

deep sea *.

Hyperbaric welding has often been described in the literature as welding under
high pressure in a chamber underwater. Richardson et al *?° described the
process as welding in a gaseous environment at elevated pressure, referring to
the word dry as often used to stress that the welding arc is not making direct
contact with the surrounding water as is the case with wet welding. Nixon %
described hyperbaric welding as an engineering compromise between wet and
one atmosphere welding since it eliminates the attendant difficulties of both
techniques which are the wet environment and high pressure differential across
the chamber respectively.

The joints to be welded or repaired are enclosed within a working habitat which
is made of relatively lightweight materials, since it only needs to resist low
pressure differences. Water is displaced from the habitat by filling it with gas
(usually inert). Simple hydrostatics indicates that the maximum pressure
differential is at the top of the chamber while the gas and water will exist at the
same pressure at the bottom of the chamber. Therefore, the internal pressure in
the chamber will exceed the external pressure by an amount equivalent to the
height of the chamber and is normally a few tenths of a bar. According to Nosal
® the habitat is made water and gas tight, but does not need to support any

pressure difference larger than a small fraction of 1 bar. This pressure
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differential is easily resisted by the weight of a light steel structure making
deployment and sealing of the habitat operationally feasible °* 2. Essentially,
the environment inside the habitat is at the same hydrostatic pressure as
exerted by the surrounding sea water *. Figure 2-2 is an illustration of diver-

assisted dry hyperbaric welding in a habitat.

Welds made under hyperbaric conditions are generally of significantly better
quality than those obtained in wet conditions. In most cases, these welds have
mechanical properties that meet the specification requirement of an equivalent
surface atmospheric weld °. However, the large amount of support equipment
required and the costs involved are higher than for wet welding %' ***. The cost
and time for hyperbaric weld repairs are estimated to be twice that of wet weld

repairs .

Although there are several applications of hyperbaric welding such as pipeline
repairs, tie-ins, hot taps, expansion loops, structural repairs etc., which involve
the use of various items of specialised equipment and complexity, more pipeline
tie-ins seem to have been completed and at deeper depths than other types of
weld repairs. Akselsen et al * reported that a total number of 71 tie-ins have
been made with the Pipeline Repair System (PRS) since its commissioning in
1987. Since tie-ins are used to connect subsea pipelines to a water platform or

2 their claim

a riser, and for a by-pass when decommissioning a platform
seems to suggest that more operations have been performed using hyperbaric

welding.

Research in hyperbaric welding is mainly concerned with ensuring that at any
specified environmental condition and composition, welding parameters are
developed to ensure that welds are produced with properties that meet
specifications and standards °2. The Cranfield University research programme
on hyperbaric welding, which spans over three decades has strongly
established the application of the process using GMAW for deep water
operations at pressure of up to 250 bar, which is equivalent to a water depth of
approximately 2,500 m (8,200 ft.). This was achieved using the University’s

hyperbaric centre equipped with the world’s highest pressure welding chamber.
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This facility is being used for a research and development programme on the

procedures and technology for the Remote Pipeline Repair System (RPRS) %%,

SINTEF Research Institute, Norway has also been involved in R&D on
hyperbaric welding since the early 1970’s and has a dedicated laboratory for
mechanised hyperbaric welding. It has been involved in the development of
equipment and qualification of all the welding procedures used by Statoil and
Hydro with the PRS ®. The research and development of GKSS, Germany
focused upon the investigation and development of welding processes,
procedures and equipment for production and repair purposes in dry hyperbaric
and wet welding since 1980 '**. There are also other hyperbaric welding
facilities in various institutions around the world that also perform research on

hyperbaric welding.

The technology for hyperbaric welding is well-known and a well-researched
area. Research in the field over the past decade has focused primarily on
development of remotely operated welding, with a view to implementing the
technology at depths beyond a divers reach, currently set at 180 m sea water
depth for planned dives *?°. An example of this is the development of the RPRS
by Statoil. Therefore, the challenge is to develop a minimum intervention and
long term welding process operation with optimised welding and process control
parameters capable of producing welds that meet the relevant quality

specifications and standards.
2.2.2 Challenges for Hyperbaric Welding

Welding in a hyperbaric environment comes with different challenges. The
welding habitat tends to be moist, which is inevitable since there must be an
opening in the habitat to allow the divers/welders, ROVs and equipment in, and
as such, water vapour may be present °. The increased density of gas in the
chamber due to elevated pressure also leads to faster cooling of the molten
pool than at one atmosphere. Senvers ** reported that the thermal conductivity

of a gas increases with density.
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and Le Bail et al " have shown in Figure 2-3 and Figure 2-4 the
dependency of the thermal conductivity of argon and helium, commonly used

5

reported that the thermal conductivity of argon increases with both ambient
temperature and pressure. He also reported that helium is less pressure
dependent than argon. But, its temperature dependency is stronger than argon
as shown in Figure 2-3. Le Bail et al "® have shown in Figure 2-4 how the
thermal conductivity of argon varies at higher temperatures and pressures. It

increases with pressure, but the variation with temperature is stronger at a very

Thermal Conductivity of Pure Helinm [W/m.E]

1 20

4] 5 140}
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4 120

Figure 2-3: Thermal conductivity of argon (left) and helium (right) as a function of

pressure and temperature °
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Figure 2-4: Experimental data points of the thermal conductivity of argon:
Isobaric variation against temperature

More significantly, the higher pressures will have a profound influence on the
physical and chemical processes occurring in the welding arc. As a result, the
weld pool chemistry and the arc structure are significantly different from welding
at one atmosphere %°. These effects are expected to increase with depth as the

ambient pressure will be greater.

Richardson et al **°

reported that high water vapour content in the welding
environment can exert considerable influence on chemical reactions and gas
absorption at the weld pool surface, and hence on the mechanical properties of
the resultant welds. In addition, the hyperbaric environment gives rise to a
modified energy transport behaviour, which affects welding process stability as
well as the structure and properties of the welds. The overall effect of pressure
on the process is governed to a large extent by changes in arc properties.

Labanowski et al °

observed that pressure increases cause the welding arc to
become unstable, and the presence of diffusible hydrogen and hardened

microstructures in the weld may cause cracking. The influence of pressure on
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welding arc, weld metal formation and microstructure, cooling rate, joint strength

and spattering ratio has also been studied by Enjo et al *°.

2.2.3 Hyperbaric Welding Techniques

Almost all standard arc welding processes can be used in hyperbaric welding
with Shielded Metal Arc Welding (SMAW), GMAW, Flux Cored Arc Welding
(FCAW), and Gas Tungsten Arc Welding (GTAW) being the commonly used
processes "°. Based on economic and technical selection criteria, Milhailescu et
al ¥ suggested that GMAW, GTAW and SMAW are the most advantageous
processes. SMAW is the least preferred among the three due to its low
productivity and poor weld quality. GTAW is recommended for the root layer
welding because of its high quality welds, while GMAW is recommended for

both the root and fill passes .

The influence of pressure on the welding process must be well understood for
the process to be effectively deployed in hyperbaric welding, and procedures
must be developed to compensate for these effects °. The typical operating

pressure range for different arc welding processes is shown in Figure 2-5.
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Figure 2-5: lllustration of approximate depth limits for arc welding processes **°
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The depth range for the SMAW process is restricted to the tolerable human
diving range since the process is essentially manual. The depth limit for the
GTAW process is reliant on the acceptable stability level for a given process,
which should not exceed 500 m to 700 m for general applications. Plasma arc
welding is reported to offer additional stability at high pressure when operating
in the melt-in (no keyhole) mode as a result of radial constriction of the arc close
to the electrode tip °% > '° This is because a successful operation depends on
relatively large diameter constrictions (of the order 6 mm) and a short set-back,
usually less than 2 mm. These significantly reduce lateral movement of the arc
on the work piece surface when compared with GTAW; leading to more stable

weld penetration °2.

Nevertheless, process stability limits are related to
turbulence at the arc boundary and energy transport to the constricting nozzle,
which results in nozzle melting at high pressures *. Experimental welding trials
have shown that the process can be stable at depths exceeding 1000 m **°; but
it remains sensitive to electrode positioning and welding torch design. As a
result, the process has not been used for any offshore repair or installation
application to date. The GMAW and FCAW processes have been shown not to
have any pressure dependent process limitation. As a result, they have
received considerable attention over the past few years and have been

demonstrated to be stable down to 2,500 m *%°.
2.2.3.1 Gas Tungsten Arc Welding

GTAW also known as Tungsten Inert Gas welding (TIG) in the UK is a
comparatively well-developed hyperbaric welding technique that has been
frequently used for automated and semi-automated applications*®°. Hyperbaric
manual GTAW systems are normally identical to surface based equipment, the
main modification being the removal of the operators control switch on the torch
and power supply is controlled by the surface support crew °2. The high level of
control that the surface operator exerts over the process makes it very
successful for critical welding situations such as the root and hot pass welds on

pipe joints, and for capping passes and temper beads where the shape and
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hardness of materials at the toe of the weld must be controlled for fatigue

resistance %2.

All the tie-ins reported by Akselsen et al * used weld procedures developed with
remotely controlled GTAW in a dry pressure chamber which simulates sea
water depth. The process has been used for a water depth range of 16 m —
600 m, but has only been qualified to 360 m *. Figure 2-6 and 2-6 show the
groove configuration and macrostructure of a typical hyperbaric GTAW weld

respectively.

T=275+0.25mm

3 m = maximum 1.5 mm
rg=0-1mm
A=525+03mm

B=225£02mm
o=6°
p=7°

Figure 2-6: Groove configuration for dry hyperbaric GTAW *

Figure 2-7: A typical hyperbaric GTAW pipe weld in the 6 0™ clock position of a
35.2 mm thick X70 steel Pipe welded under pressure equal to 200 m sea depth®

Some of the process advantages are that: it is a well understood process;
produces fine grained weld metal with high toughness, produces little or no
fumes and spatter *%°. Also, it is a versatile process in application and well
established for root pass completion. However, the drawback of the process is
that changes in water depth and consequently changes in pressure make it

necessary for adjustments to be made to the welding parameters. This is
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illustrated in Figure 2-8 where the arc voltage used in the root pass was plotted
against habitat pressure *. Although effective at depths to at least 400 m, the
process arc stability gradually deteriorates as pressure increases'®. The results

153

of studies conducted by Wang ~>° show that arc voltage, current density and arc

brightness all increase with ambient pressure.

Regresson ine
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Figure 2-8: Effect of seawater depth (pressure) on arc voltage used in dry
mechanised hyperbaric GTAW of root pass *

The increase in operating voltage is believed to be caused by the enhanced
heat extraction due to the hyperbaric environment, as a result, the arc can
minimise heat losses by reducing its diameter. This then requires that the arc
current be carried by a smaller arc cross sectional area, which increases the
current density and ionization level. The additional energy required increases
the arc voltage °2. As reported by Richardson **°, the physical properties of the
plasma changes and particle densities increase in proportion to the absolute

pressure when the ambient pressure is raised above one atmosphere.

Ozden and Gursel '°* showed that the stability of the GTAW arc and of the
process at elevated pressure is controlled largely by the conditions of the

tungsten electrode. Erosion rates of the electrode, defined in terms of electrode
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tip shortening are lower for 2% La,O3 (Lanthanated) doped electrode than for
those doped with 1% ThO, (Thoriated).

Due to the depth limitations of the GTAW process, Nixon % predicted that it will
most likely be supplanted by either plasma welding or some form of GMAW for
future diver-less hyperbaric welding systems. This is actually the case with fully
automated GMAW presently being qualified for the proposed Remote Pipeline
Repair System.

2.2.3.2 Gas Metal Arc Welding

GMAW is also known as Metal Inert Gas welding (MIG) in the UK. Strictly
speaking, the term MIG should only be used when the shielding gas is inert.
When active gas such as carbon dioxide or oxygen is used, it is referred to as
Metal Active Gas (MAG) welding 2. The main changes to the standard surface
GMAW are due to the need to keep the power supply and process controls on
the surface separated from the consumable feed system by service umbilical.
The wire feed motor and electrode reel are put in a water tight container into
which the service umbilical that supplies the welding current, power and control

signals and shielding gas are connected *2.

Nixon %2 further reported that the high electric field strength observed with the
hyperbaric GTAW process was also an issue with GMAW, resulting in an
increased arc voltage variation due to changes in the electrode to work piece
distance. Therefore, the process stability is reduced due to the characteristic of

the welding power supply that causes changes in the arc current.

Richardson et al *?° described GMAW and FCAW as promising processes for
hyperbaric operation, especially for deep water application. However, at depths
greater than 120 m, the welding arc becomes completely turbulent with the arc
root contracting due to rapid heat extraction. The difference in current density
between the arc roots and arc column promotes the formation of opposing
electromagnetically driven plasma jets as pressure increases °. The opposing

plasma jets becomes more or less equal forces as the ambient pressure
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116
9

increases as shown in Figure 2- . The plasma velocity falls and the arc root

moves rapidly over the molten metal surface with considerable changes in

radiation emission and arc position at frequencies exceeding 10 Hz 3% 114 120,

> 16bar

1 bar

ARV RN

Figure 2-9: Schematic of GMAW arc behaviour at different pressures '8

Despite the random movement of the arc, the time averaged behaviour of the
process remains relatively constant over a typical time period related to weld
pool movement and solidification*?°. Consequently, a stable process may be
maintained, provided control measures are adopted by means of power
manipulation in response to conditions within the immediate arc. Figure 2-10
shows the typical transient behaviour of the current and voltage with that of the
0.25 s time averaged response, which largely demonstrates process stability
117 Richardson et al '’ further suggested that process stability is not
necessarily synonymous with electrical stability. They illustrated this with current
and voltage data which although depicting a stable electrical performance, with
well-defined waveform structure, showed unacceptable process stability and
vice versa. This informed their proposal that overall process stability is difficult
to quantify and has to be based on visual assessment of arc stability, spatter

levels and resultant weld bead appearance.
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Figure 2-10: Transient and time averaged voltage and current signals from a
GMA weld made at 2,500 m in an argon atmosphere %

At elevated pressures, welding with comparatively short arc lengths, of the
order of 1 mm or less may reduce the electromagnetic plasma jets. This
reduces the difference between the current density at the arc root and in the arc

column thereby diminishing the net forces % 2,

The arc length can be controlled by applying a relatively high wire feed rate
thereby forcing the process to adopt a dip-transfer condition or by operating a
self-adjusting arc *?°. Typical transient signals of current and voltage depicting
dip transfer and self-adjusting arc process are shown in Figure 2-11. The
degree of self-adjustment must be chosen such that it provides the optimum
level of current variation per unit change in arc length, independent of the
operating pressure *®3. According to Richardson et al *?°, the current and
voltage waveform shown in Figure 2-11(a) is similar to that obtained for a stable
condition at one bar although there is greater time interval between successive

dips.
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Since the voltage is pressure dependent, the static slope characteristic of the
power source must also vary with pressure to operating depths of at least a few
hundred metres. At greater depths, the metal vapour dominated arc plasma is
only weakly affected by pressure, and under these conditions, the optimum self-
adjusting characteristic is effectively independent of depth*®. Details of process

operation have been reported elsewhere * 13116,
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Figure 2-11: Transient voltage and current waveforms for (a) a dip transfer root
pass and (b) a self-adjusting pulsed fill pass made at a depth of 350 m **

The established current delivery control procedures of the GMAW process has
made it suitable for welding operations over a wide range of pressures.
Significant progress in both process control and process application at high
ambient pressures has been recorded in recent years . The viability of the
process for butt welding of X65 pipeline material has been successfully
demonstrated for pressures ranging from 20 bar to 250 bar equivalent to water
depths of 200 m to 2,500 m without any sign of pressure dependent limitation
163 The positional capability of the process has also been demonstrated by
making orbital (5G) welds on X65 pipeline materials that gave acceptable

mechanical properties *°°.
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The main area of concern in hyperbaric GMAW which this research work
intends to explore is the low heat input of the process. The heat input is given
by the product of welding current and arc voltage and an arc efficiency value
divided by the welding speed . In addition, the high cooling rate associated
with hyperbaric welding, the potential moisture presence inside the welding
habitat, and the high restraint conditions on the solidifying weld increases
susceptibility to hydrogen assisted cracking (HAC). Also, traditional dip transfer
GMAW produces considerable spatter levels. These form the basis of the
investigation of laser assisted controlled dip transfer GMAW, in which the laser
will provide additional heat input to the process. In this thesis, the Cold Metal
Transfer (CMT) and ColdArc process will be investigated for minimisation in

weld spatter generation.
2.2.3.3 Flux Cored Arc Welding

The Flux Cored Arc Welding operation is very similar to GMAW. The main
difference is that the former uses an electrode wire with flux inside the wire core
while the latter uses a solid wire. The development of FCAW has closely
followed that of solid wire GMAW with much of the equipment and process

| 2. When the limitations of solid wire GMAW were

technology being identica
identified, the use of tubular or metal cored wire were suggested to improve the
process characteristics and mechanical properties of the resultant weld metal,

especially the toughness and strength.

It is important to note that apart from welding power source technology, the
other driving force for fully automated hyperbaric GMAW is optimised metal

cored wire composition. Woodward et al ®3

reported that Charpy impact tests
carried out on a specimen extracted from the root area of X65 pipeline steel
made using solid wire GMAW allowed room for improvement. Over the past two
and half decades, tubular wires have been specially formulated for hyperbaric
welding %% 1% Metal cored wire (1 mm diameter) developed by ESAB has been
specially formulated to deal with two specific aspects of hyperbaric GMAW
conditions: a fully inert argon atmosphere and high weld cooling rate due to

increased gas density with operating pressure %%,
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Commercially available metal cored wires mostly contain higher oxygen
contents than solid wires. In addition to promoting acicular ferrite formation,
oxygen also promotes fine molten metal transfer across the arc due to oxidation
of the droplet surface which lowers its surface tension'?’. Experimental metal
cored wires studied for resultant mechanical properties have adopted elemental
compositions of 0.05 — 0.95% Ni, 0.01 — 0.04% Ti and 216 — 485 ppm

oXygeanO; 160; 163.

Nosal % observed that weld metal oxygen content reported in the literature were
in the range of 300 - 800 ppm. However, his studies with solid wire GMAW
under hyperbaric conditions showed low oxygen contents in the range of 180 —
250 ppm. He attributed this to the inert shielding and inert environment used in
his work and suggested that consumable design for high pressure use may not
be applicable to inert environments. Richardson et al *?° reported that the poor
toughness of orbital GMAW welds on X70 pipeline steel at a depth of 1,630 m
(Figure 2-12) were associated with low weld metal oxygen contents, which was
linked with low volume fraction of acicular ferrite. Oxide inclusions, particularly
those containing titanium and nickel act as nucleation sites for acicular ferrite
formation %% %% 1%2 Weld metal oxygen content in the range of 250 — 350 ppm is
associated with enhanced toughness 2!. Higher content of oxygen in the weld
metal could still produce acicular ferrite. Although, Marino et al ® indicated that
it could lead to rapid deterioration of toughness when the optimum value is
exceeded. Further work on metallurgical development with metal cored wire

was reported by Woodward **°
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Figure 2-12: Photo-macrographs of solid wire orbital GMA welds (flat position)
made on 29 mm wall thickness X70 pipeline steel at a depth of 1,630 m **'

2.2.4 Factors Affecting the Mechanical Properties of Hyperbaric Welds

According to Richardson et al *?°, the microstructure and mechanical properties
of hyperbaric welds are influenced by cooling rate, consumable and parent
metal composition and the thermodynamic history of the parent metal. These
together with the weld thermal cycle, determine the structure and properties of
the weld metal (WM) and Heat Affected Zone (HAZ). The production of high
quality welds depends considerably on the right choice of consumables and
welding condition. For a large number of applications, welds should have
matching or over-matching strength compared with the parent metal, while
displaying acceptable fracture toughness, corrosion resistance and resistance

to cracking'?. These factors will be examined in detail.
2.2.4.1 Base metal and consumable

Akselsen et al ' showed that sulphur levels in the consumable can affect
penetration during GTAW root welding with relatively higher levels (0.013 wt%)
offering higher penetration than lower levels (0.006 wt%) for X70 pipeline steel

at a depth of 75 m. Similar welds made at 75 m — 200 m showed that whilst
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over-matching welds of similar strengths were made using consumables with
slightly different compositions, toughness deteriorated with increasing pressure
for welds made with low alloy wire containing 1Ni 0.5Mo. Results were
independent of pressure for welds made with a similar consumable containing
2Ni 0.5Mo. Variation of measured fracture toughness at —30 °C was closely

linked to microstructure. Richardson et al %

suggested that the formation of
high carbon martensite-austenite islands around prior austenite grain
boundaries may have caused the reduction of toughness. Partial transformation
due to re-heating by subsequent weld passes may have been responsible for

these changes .

Hardness profiles measured for hyperbaric GMA welds have been extensively
reported in the literature® 2% 101183 |t was reported that the maximum hardness
recorded for orbital GMA welds on X70 pipeline steel at a depth of 1,630 m
(Figure 2-12) was 264 HVio in the weld metal, which was well within the
maximum of 325 HV, specified in AWS D3.6. It also met the BS 4515 standard
for non-sour service, even though it exceeded the 250 HV; specified for sour

service conditions 7 138,

The weld metal strength shown in Table A-1 of
Appendix A indicates under matching strength of the weld metal relative to the
parent metal whilst ductility exceeds that of the parent metal *’. However,
results of positional linear welds made on X65 pipeline steel at the same
pressure were in contrast, having consistent over matching strengths of the
weld metal relative to parent metal (Table A-2 in Appendix A ) ™. Since the
same solid wire consumable (triple deoxidised Thyssen K-Nova) was used for

both grades of steel, Richardson et al ***

suggested that while the consumable
has adequate strength for the X65 steel, it under matches the X70. Therefore,
they concluded that an alternative wire of higher strength will be required for the
X70 steel. This is because the weld metal should have a higher strength than

the parent metal so that deformation should occur on the tougher parent metal.

Impact toughness tests carried out on the X70 specimen over a temperature
range of 0 °C to -80 °C indicate reduction of toughness with increasing number

of passes as shown in Figure 2-13 7 2% Across the temperature range, low
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impact energies were obtained for the 41 pass weld, while between 0 °C to -20
°C improved toughness was shown for the 28 pass weld. This behaviour may
be connected with weld heat input and resultant microstructure. As reported by

| 7 the mean current for the 41 pass weld was relatively low

Richardson et a
(110 A to 115 A). Therefore, despite the more weld beads deposited, the
fraction of reheated materials is smaller than for the 28 pass weld, which has a
mean current range of 175 A to 180 A '*’. They also suggested that the wide
scatter shown in Figure 2-13 may be indicative of a range of microstructures
being sampled at the Charpy notches. In contrast, the toughness of super
martensitic joint welded with 13Cr 6Mo consumable was acceptable across the
temperature range (Figure 2-14) ¥ °_ This may be due to the high nickel
content (3.5 % to 6.0 %) in super martensitic steel, which enhances the

austenitic structure leading to improved impact toughness 2%,
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Figure 2-13: Notch toughness of orbital GMAW welds made on 29 mm wall
thickness X70 steel at 1,630 m depth (a) 41 pass weld , (b) 28 pass weld **’
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Figure 2-14: Notch toughness of an orbital GMA weld made on a super-
martensitic pipe at 1,630 m **’

2.2.4.2 Hyperbaric chamber gas

During diver-assisted hyperbaric arc welding, additional gas from the welding
torch is employed to shield the molten pool in the gas filled welding habitat. In
the proposed diver-less operation, welding can be performed with or without

> reported that it is possible to separate the

additional shielding gas. Amin
chamber and shielding gas when more expensive gas mixtures are required to
protect the weld pool. Welding trials carried out in the Norwegian Fjord in 2011
were performed without additional shielding *%.

The commonly used chamber gases are argon and helium. The choice of these
inert gases is important because the chamber may contain water vapour, which
can exert considerable influence on chemical reactions and gas absorption at
the weld pool surface under high pressure. Consequently, mechanical
properties of the resultant welds could be undermined % 3 9 66:1632:3:10:65 g 5
result, the use of active gases such as carbon dioxide, oxygen, hydrogen or
nitrogen may worsen these problems. According to Amin °, the oxidation

potential (OP) of carbon dioxide and oxygen will not only change the arc
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physics but will also cause losses of valuable alloying elements in the weld
metal. Manganese and silicon were reported to be the most prone constituents,
whose losses are proportional to the percentage of active gases in the chamber

gas °. Equation (2-1) was used to define the oxidation potential &*.

OP = %0, + C.\/%CO, (2-1)

where C is a constant. This relationship is optimised for welding at atmospheric
pressure. For a hyperbaric process, the partial pressure of the gases plays a
prominent role. For example, the oxidation potential will be higher at 10 bar
compared to 1 bar for a welding chamber pressurised with a mixture of (Ar, 5%
CO,, 2% O,) due to higher partial pressure °.

Ambient pressure influences the thermal behaviour of chamber gases during
hyperbaric welding. Swetan **? conducted studies on hyperbaric SMA welding
at 1-19 bar pressure and reported that welds made in a helium environment
showed higher cooling rate than those in argon environment due to the higher
thermal conductivity of helium. He further reported that the total cooling time
from peak temperature to 100 °C decreases with pressure and was shorter in a
helium environment than in argon. Consequently, welds made with helium at
high pressure may exhibit higher hardness and lower toughness than those

made with argon.

The thermal conductivity of helium (~0.142 W/m-k) at 1 bar and room
temperature is about eight times that of argon (~0.016 W/m-k) under the same

condition. It has been reported by Sengers **°

that thermal conductivity of
gases increase with density and pressure. This would account for the higher

cooling rate of welds made in the helium environment.

It is worth mentioning that at high pressures, argon can have a narcotic effect
on divers/welders, so it is considered hazardous for manned hyperbaric welding
operations. However, it is the preferred chamber gas for remotely controlled
hyperbaric welding operations. The main benefit of using a helium and oxygen

habitat or chamber gas is that it is similar to the gas mixtures breathed by divers
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when in saturation at depths greater than 50 m, but the high cost of helium is

also an issue of concern %2.
2.2.4.3 Shielding gas

Different studies on hyperbaric SMAW and GMAW as reported by Nosal * have
shown that the oxygen and carbon contents of hyperbaric welds tend to
increase with pressure when the shielding gas contains active gases such as
oxygen and carbon dioxide. This was attributed to the increase of partial

pressure of the gases at elevated pressure.

As the partial pressure increases, the number of gas molecules per unit volume
increases, resulting in higher gas concentration. This may lead to increased gas
pick up by the welds. To avoid the problem of using active gases, Richardson
112 \worked with completely inert gas for pressures above 20 bar, and ensured

process stability by controlling electrical characteristics.

Dos Santos et al

attributed the high cooling rate of hyperbaric welds to
changes made to the flow of shielding gas. He explained that in order to obtain
effective shielding at high pressure, a greater mass flow of shielding gas must
be supplied to the weld bead and weld pool to counteract the ambient pressure.
This will have a cooling effect, which increases with pressure as greater mass

of gas will impinge on the surface, for constant volume flow rate.

This claim requires further scrutiny because among the factors that affect
convective cooling coefficient such as type of fluid and flow, geometric shape,
surface condition, viscosity, etc., velocity has the greatest influence. But the
increase of gas density at elevated pressure will result in higher viscosity **,
and consequent reduction of fluid velocity. Therefore the convective cooling

effect is expected to decrease with pressure.
2.2.4.4 Heat Input
High heat input will generally tend to favour a slower cooling rate. This will

cause a relatively large volume of weld pool to be formed since more parent
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metal and filler wire will be melted, thus allowing ample time for hydrogen that
may be present to be expelled before the weld pool solidifies. Consequently,

reducing the tendency to hydrogen assisted cracking.

The time it takes the molten metal to cool from peak temperature to ambient
temperature is crucial in determining the microstructure and mechanical
properties of the weld metal. Nosal * stated that at the high temperatures (T>
1000°C) of the weld bead, the cooling rate is much higher than at lower
temperatures. For example, the time it will take to cool from 2000 °C to 1000 °C
(At000/1000) Will be much shorter than that between 1000 °C to 100 °C

(Aty000/100). He attributed this to the high thermal gradient present with greater

heat flux. But at temperatures close to ambient, the thermal gradient will be
smaller. In this low temperature regime, changes in thermal gradient will have a
large effect on total cooling time. Therefore, cooling at low temperature will

control the total cooling time %.

Richardson et al **° reported that weld metal cooling time for hyperbaric
GMA/FCA welding from 800 °C to 500 °C (Atgs) are comparatively short (of the
order 2 s to 3 s for joints preheated to 25 °C and 100 °C). It was further reported
by the authors that cooling rates are almost independent of pressure in the
depth range 180 m to 370 m. Such high cooling rates in the presence of high
restraint conditions can give rise to hydrogen induced cracking especially inside
a moist hyperbaric chamber. This justifies the need for additional heat input to

the process.
2.2.5 Applications

Three main applications of hyperbaric welding have been identified to be
particularly useful. They are: structural repair, pipeline tie-in and hot tap. The
necessities of structural repair of offshore structures including pipelines are
relatively frequent, especially in areas where the seabed is prone to erosion and
where there are fishing activities. Other reasons may be due to poor design and
fabrication, corrosion and impact from dropped load or marine equipment.
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Structural repairs are mostly carried out on offshore platforms, tubular lattice
work, legs or risers, etc. This includes installation of replacement parts of pipe
work or repair to compromised weld sections, pup pieces or whole braces %.
Pipeline repair may be undertaken by either cutting out the failed section or
replacing it with a short length of new pipe joined by butt welding or by fillet
welding a two part sleeve onto the damaged area.

The connection of a subsea pipeline to a platform or other offshore structure is
called a ‘tie-in’. This may involve connections between a pipeline end and riser
end using a spool piece at the base of a platform ?°. Tie-ins are also used as a
by-pass when a platform is to be decommissioned whilst retaining use of the

existing pipeline facility.

A ‘Hot tap’ involves fillet welding a specialist sealed ‘Tee’ component which is
connected to an isolation valve onto an existing pipe. Remote cutting tools are
then activated to pierce the parent pipe. There is no opportunity for penetration
of sea water or egress of petroleum product since the new component is welded
to the pipe. The pipe continues to carry petroleum products during the
procedure and there is no need to stop production. It is a cost effective means
of gaining product flow access by another pipeline, and has been adapted as a
standard method for tying new oil and gas fields to existing ones **. Schematic
illustrations of butt and fillet weld pipeline repair techniques, and hot tap welding

are shown in Figure 2-15 to 2-16 respectively.

An alternative called cold tap involves stopping the flow of oil or gas in the
existing pipe, emptying it of products using plugs or stoppers and then welding
a ‘T’ section at the appropriate location. To stop pumping is expensive as it
involves loss of many days or weeks of production for the companies that use

the pipe; hence hot tapping is commonly used.

Over the last decade the majority of research and development efforts on
hyperbaric welding have been geared towards diver-less installation and repair
applications 4 2% 8L 93 113-115 117, 156; 162164 gy, djes carried out by these

authors have also shown that the application of hyperbaric welding, especially
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for diver-less deep water operations is not limited by welding process or
material considerations but by the pace of development and practicability of

employing remotely operated technologies.

Butt weld

Pipeline section

Figure 2-15: Schematic illustration of butt weld pipeline repair

SITJE Fillet weld
®
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Pipeline section Pipeline section

Figure 2-16: Schematic illustration of pipeline sleeve repair with fillet welds
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Figure 2-17: Schematic illustration of hot tap welding
2.2.5.1 Pipeline Repair System (PRS)

The PRS is a broad set of tools and equipment for subsea pipeline repair and
construction, ranging from isolation plugs and cleaning tools to welding habitat
chambers and large manipulation and installation frames as represented in
Figure 2-18 and 2-18. It is managed by Statoil on behalf of a consortium of
about 40 pipeline operators that share costs in order to have access to the
equipment **. The PRS currently utilises the mechanised cold wire GTAW
process, controlled from a surface diving vessel and has been deployed for
120; 156

many diver assisted alignment and welding installations in the North Sea

It was recently employed in the Baltic Sea for the Nord Stream project *°.

Richardson et al ** described a typical subsea pipeline repair operation as
involving the use of two large PRS ‘H’ frames, each weighing 70 tonnes and
capable of lifting 120 tonnes for pipeline manipulation. The frames have
capacity to move pipelines in the lateral, vertical and axial directions. The pipe
is prepared for welding by combined tools using a high pressure water jet for
cutting and removal of both concrete and anti-corrosion coatings. The
replacement part called the spool piece is lowered into position and roughly
aligned to the pipeline with the hydraulic ‘H’ frames before lowering the habitat
over the pipe ends. The remotely operated pipe doors with flexible sealing skirts

are closed around each pipe, allowing injection of pressurised gas to displace
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water in the habitat. All these operations can be performed without divers inside
the habitat.

However, welding head installation and fine alignment and abutment of the
pipeline joints are still performed manually. Since these factors are key to
successful butt welding, and also considering the depth limitations of GTAW
process, and safety issues associated with deep sea diving, attention is moving
to fully automated or diver-less operations called the Remote Pipeline Repair

System (RPRS) for operations deeper than 180 m 4 12016,

STATOIL &

Figure 2-18: lllustration of the Pipeline Repair System spread at the seabed **°

Figure 2-19: PRS welding habitat during installation for welding at Langeled
pipeline *®
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2.2.5.2 Remote Pipeline Repair System (RPRS)

Statoil is currently developing new equipment that will employ hyperbaric
GMAW for fillet welded contingencies, which can be deployed and operated
remotely without diver assistance. This is known as the Remote Pipeline Repair
System (RPRS) *.

The use of a sleeve repair provides better operational flexibility when compared
with butt welding used in the PRS. This is both in terms of required tolerances
to pipe ovality and radial offset and angular alignment of the pipe ends since the
sleeve design includes a root gap. The sleeve design will also include
environmental seals to prevent water ingress during welding *?°. Studies by

| ® and Woodward '*® have shown that a complete sleeve

Huismann et a
construction involves placing a section of pipeline (spool piece) between the two
pipe ends before sliding an oversized sleeve over either end. The sleeves are

then secured with four fillet welds.

Woodward *°®

reported on a finite element analysis which showed that high
stresses on the fillet weld occur at the weld toe and root regions. The model
revealed that the leg length of the fillet weld must be long enough to prevent
high stresses at the weld toe, which may cause yielding of the pipe material.
This is used for a more evenly distributed load on the pipe. For example, the
Asgard Transport Pipeline with a system pressure of 242 bar required a leg

length of 120 mm with a weld height of over 30 mm *°.

Woodward et al **® have extensively studied process performance for sleeve
repair applications (see Figure 2-20), and welding conditions have been
developed to bridge any root gap using optimised welding parameters that did
not change with welding position. The work has been qualified for production
wires on X60 and X70 pipelines using remote repair sleeve of X65 grade. It was
reported that the procedure is suitable for application on the Asgard Transport,
Langeled, Troll P10/P11, Zeepipe 2A and 2B and Europipe 2 pipelines in the

North Sea %3
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According to Richardson et al *%°

a diver-less remote hot tap cutting operation
on a pressurised pipeline in the Ormen Lange Field of the Norwegian Sea was
performed in August 2009 using a pre-installed tee. Field trials using a fully
automated hyperbaric GMAW process in a Norwegian Fjord, which was
sponsored by Statoil, demonstrated the feasibility of sleeve repair welding at
370 m and 940 m sea water depth '%. Fully remote hot tap and sleeve repair

test welds are shown in Figure 2-21.

sleeve

Figure 2-20: (left) Sleeve concept for pipeline connections and repairs. Inset
photograph shows a laboratory mock-up of a sleeve joint, (right) sketch of the
welded concept *¥*°

=

Figure 2-21: 3-Pass retrofit Tee fillet weld for remote hot tapping and 59-pass
sleeve repair weld 1%

As a future focus, Fostervoll et al *® reported on the challenge of replacing the
GMAW fillet welds with conventional butt welds, which was described to be

more advantageous both in terms of robustness and reduced welding time.
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They further reported that the arc on time for a typical pipeline joint can be
reduced to about 1/10 by changing to a butt weld. Also, the authors observed
that due to its process characteristics, one-sided full penetration root pass
welding, as used in the PRS diver assisted GTAW, was found to be too
challenging with GMAW. These have elicited interest in developing technology
for GMAW butt welding of pipelines, which may replace sleeve repair in the
future. Interestingly, work has started in that direction as part of a 5 year (2009-
2013) research programme sponsored by The Research Council in Norway,

Statoil, Gassco, Technip and EFD Induction, and managed by SINTEF *,
2.2.6 Summary

Considerable research effort on hyperbaric welding is focused on the
development and application of arc welding processes in relation to the offshore
construction and repair industry. Most of these works investigated the effect of
environmental conditions on welding process behaviour or on the properties of
the weld metal. In the past decade, research efforts have shifted towards
implementing dry hyperbaric GMA welding for deep water diver-less or remote
application. The driving force for these developments is the need to achieve
cost effective solutions to equipment installation and repair in increasingly
remote and hostile offshore environments, whilst ensuring safety of operating
personnel and the environment. This has been aided by improvements in

welding power source technology as well as optimised welding consumables.
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2.3 Hydrogen Assisted Cracking in Hyperbaric Welding
2.3.1 Overview

The application of dry hyperbaric welding for deep sea repair of pipelines and
pipeline tie-in operations is fraught with some challenges such as low heat
input, high weld cooling rate and potential moisture presence in the welding
chamber. These conditions increase susceptibility to hydrogen assisted
cracking (HAC), which undermines the structural integrity of hyperbaric welds.
HAC is a major concern in hyperbaric welding because the three main factors
that control it are hydrogen content, hardened microstructure and tensile stress,

and are all likely to be present during hyperbaric welding.

There is potential presence of water vapour inside the hyperbaric welding
chamber as divers/welders or remotely operated vehicles (ROVs) will need to
have access to the welding chamber. The moisture dissociates inside the
intense heat of the welding arc to form hydrogen and oxygen. This increases
the chances of hydrogen pick-up during welding especially at high pressure.
The fast cooling rate of the weld metal during hyperbaric welding may result in
the formation of martensite, which reduces weld toughness, especially for
pipeline steels that have carbon equivalent (CE;w) greater than 0.40. The
surrounding pipe immersed in the sea just outside the comparatively small
hyperbaric chamber acts as a massive heat sink, which also exacerbates the
high cooling rate. There is high restraint to the solidifying weld metal, which

introduces tensile stresses. Huismann et al ©°

reported that every weld
experiences shrinkage from cooling, and under restraint conditions the
shrinkage results in plastic deformation of the weld zone. As the restraint
increases the plastic deformation becomes higher. All of these conditions may

lead to the production of hyperbaric welds that are susceptible to HAC.

Adequate preheating could reduce HAC susceptibility, but in the hyperbaric
environment, the effect of preheat may be limited considering that the
surrounding heat sink and degree of cooling is relatively high. Olden and

95

Akselsen reported that the narrow operational window under hyperbaric
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conditions constrained the selection of welding parameters and preheating for
GTAW. These challenges become even more crucial for diver-less or remotely
operated hyperbaric welding operations because of the need for stringent

control of welding parameters and other processes.
2.3.2 The Hydrogen Cracking Phenomenon

Hydrogen assisted cracking shown in Figure 2-22 typically occurs at stress
concentration points such as the root or toe of the weld and can propagate
through the weld metal to the heat affected zone (HAZ). The detrimental effects
of hydrogen on steel is well established and one of the main issues affecting the
structural integrity of offshore installations 7 4% 49 86 91 1460 167 piffarent
terminologies have been used in the literature to describe the HAC
phenomenon: hydrogen cracking, cold cracking, hydrogen induced cracking,
hydrogen induced stress cracking, hydrogen assisted stress corrosion cracking,

hydrogen assisted cold cracking, delayed cracking and under bead cracking *"
57; 151; 152

Figure 2-22: Hydrogen assisted crack in a sleeve repair fillet weld *

Despite the use of different terminologies, there seem to be convergent
opinions on the fundamental characteristic of the HAC phenomenon. That is
presence of hydrogen in the lattice structure of steel may reduce the ductility of
steel, thereby increasing cracking susceptibility. Hauge >’ described hydrogen

embrittlement as a wider term consisting of several failure mechanisms of which
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HAC is one. This cracking occurs as the metal suffers embrittlement by the

atomic hydrogen present in its microstructure.

Gangloff *’ related the HAC phenomenon to reduction of the resistance of high
strength alloys to crack propagation due to the presence of hydrogen, and
termed this as either internal hydrogen assisted cracking (IHAC) or hydrogen
environment assisted cracking (HEAC). The effect of hydrogen in these alloys
are localised around the crack tip, and the source of the supplied hydrogen can
be used to distinguish IHAC from HEAC. Apart from this, they share common
characteristics *’. Different manufacturing operations such as welding, casting,
heat treatment, electro-chemical machining, surface chemical cleaning; etc. can
introduce atomic hydrogen into the metal microstructure. It can also be by
exposure to the environment e.g. gaseous hydrogen exposure at high

temperature and by electrochemical reactions at low temperature *'.

In IHAC, as the hydrogen “charged” metal is stressed this initiates subcritical
crack growth. The absorbed hydrogen from the adjacent microstructure is
redistributed to the crack tip due to loading, which promotes crack growth. On
the other hand, HEAC combines mechanical loading and chemical reaction.
The atomic hydrogen produced is subsequently taken up into the crack tip *’. It
was further reported that IHAC and HEAC exhibit the same features for high
strength metals: both are initiated at stress intensity levels lower than the
fracture toughness Kc. An extensive study on HAC of high strength alloys was

undertaken by Gangloff *'.
2.3.3 Mechanism of Hydrogen Assisted Cracking

The subject of hydrogen assisted damage mechanisms has been extensively
investigated in the literature o 6% 85 900 97:99: 149 130 yptj| recently, numerous
contrary suggestions have been offered as the mechanism of HAC based on
the interaction between local hydrogen concentration and local mechanical load
for cracking to occur on the atomic scale at the crack tip. However, these
theories are not easily verified *” °” 12 Nevertheless, Viyanit **? reported that
researchers are unanimous that the HAC phenomenon cannot be described by

a single mechanism. He therefore suggested that a basic understanding of the
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general mechanisms of HAC, as well as the hydrogen uptake and diffusion
processes, and a basic determination of mechanical loads may provide

sufficient explanations of the phenomenon. Viyanit **2 f 47

and Gangloff ** reported
the details of these processes in their studies. However, a general description of

the different HAC mechanisms covered in the literature is given.

2.3.3.1 Pressure Theory

According to Viyanit 2

this is the oldest proposed HAC mechanism. The theory
specifies that blisters and internal cracking are formed when unstressed
specimens are charged with hydrogen, which precipitates and recombines to
molecules at internal defects such as voids, non-metallic inclusions and flakes,
and then generates internal pressure within the defects. Zapffe and Sims
proposed that the main portion of absorbed hydrogen in iron consists of partially

ionised molecules occluded in micro-voids, non-metallic inclusions, etc.

As more hydrogen atoms are absorbed and consequent precipitation of
molecular hydrogen becomes sufficiently pronounced or if the lattice
reinforcement is weak, nucleation and growth of micro-cracks may occur even
without external stress 2. As depicted in Figure 2-23, micro-cracks eventually
coalesce to form macroscopic cracks that play a significant role in rupture of the
material. Since stresses in steel structures are of tri-axial type, it implies that the

imposed stress may result in rupture of the material ”’.

With regard to welding, it has to be considered that hydrogen molecules are
often formed at elevated temperatures, and the resultant pressure occurs during

cooling **2,
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Figure 2-23: Schematic illustration of HAC using the pressure theory **?

2.3.3.2 Hydrogen Enhanced De-cohesion (HEDE)

The HEDE model is based on the effect of hydrogen on the cohesive strength of

149 as the

the iron lattice. Studies have often made references to Troiano
proponent of this theory *>" 12 |t was further proposed by Oriani °"* 1%° that the
average cohesion forces between iron atoms can be reduced by dissolved
hydrogen as shown in Figure 2-24. This assumption may be strengthened by
the fact that steel fractures in a brittle manner in a hydrogen environment, which
implies that it is easier for the metal to respond to applied stress by the
cleavage of the iron-iron atomic bonds instead of plastic deformation > **2. The
high local hydrogen concentration may be found in the lattice in front of the
crack tip °’. This is because the local concentration of hydrogen is increased by
the positive component of elastic stress, since hydrogen must first diffuse into

severe elastically stressed region where it accumulates in front of the crack tip
97

The fundamental principle of this model infers that: crack propagation can occur
if the local maximum tensile stress 0,,,x at a point in front of the crack tip and
normal to the crack plane equals the maximum cohesive resistive force of the

metal nF,, per unit area of the cracking plane *'.

Omax = N.E,. HD , (2-2)
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where n represents the number of metal atoms per unit area of the cracking
plane, E,, is the maximum cohesive resistive force of iron atoms and HD is the

total hydrogen concentration in the considered system

2 hFE(C) c, .

nE |-{Tr} ........... :

m

Y

Hydrogen concentration, C
a) Model representation b) Schematic ilustration

Figure 2-24: Decohesion theory describing HAC phenomenon (a) Model
representation (b) schematic illustration of the equilibrium hydrogen
concentration ¥

This theory explains the delayed cracking of HAC on the assumption that
hydrogen diffusion is required to transport hydrogen atoms into the critical strain

region in front of the crack tip, and this is time dependent.
2.3.3.3 Dislocation Interaction Theory

This theory assumes that the presence of hydrogen around a dislocation can
change the movement of the dislocation, which can influence the fracture
behaviour of materials through changes in the extent and character of plasticity

152, % that the influence of hydrogen on a

It was suggested by Nelson
dislocation produces either a hardening or softening effect depending on the

material and on alloying composition.

Regarding the hardening effect, Cottrel 2 assumed that hydrogen will interact
with the high tensile stress field close to the dislocation to form a hydrogen
cloud (Cotrell-atmosphere) that can strongly obstruct dislocation movement
such that more dragging force will need to be applied for a dislocation to move.

Consequently, the change in slip character makes deformation at the crack tip
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more difficult, hence crack propagation will take place at low levels of external
load.

Conversely, the softening effect is based on the assumption that hydrogen may

13 observed that

reduce the fracture toughness of the material. Beacham
dissolved hydrogen on the crack tip surface assists the movement of dislocation
instead of restricting it. Failure of the metal matrix will occur when the critical
strain is reached within the specific crack zone ahead of the crack tip as shown

schematically in Figure 2-25 2.

a) In the absence of hydrogen b} In the presence of hydrogen

Figure 2-25: Schematic demonstration of crack propagation in high strength
steels based on Beacham’s assumption ** %

2.3.3.4 Hydrogen Enhanced Local Plasticity (HELP)

Comprehensive studies dealing with the softening effect of dislocation

17; 137 who

interaction theory have been conducted by Birnbaum and Sofronis
developed the hydrogen enhanced localised plasticity mechanism. The basis of
their assumption is that high capabilities of local deformation are produced due
to hydrogen presence in solid solution, which reduces the obstacles to
dislocation movement. Therefore, the highly localised plastic failure decreases
the strength of the material rather than embrittlement because the localised
zone is softened by the presence of hydrogen. The significance of this
mechanism is that the crack propagation characteristic of relatively pure metals
and metal alloys can be different: fracture tends to be along slip planes for pure
metals, and along the plane of maximum normal stress due to the action of

multiple slip systems *°2,
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Tien et al **” described the effect of hydrogen concentration on dislocation by

the Boltzmann equation as follows:

HD 45 = HD o exp — 52 (2-3)

where Ejg is the binding energy of hydrogen to dislocation (0.1 — 0.5 eV), K is
Boltzmann’s constant, T is the absolute temperature, HD 4 is the hydrogen
concentration on the dislocation, and HD .is the equilibrium hydrogen

concentration at the pick-up site.
2.3.3.5 Adsorption Theory

The binding energy of metal atoms has been thought to be reduced by atomic
hydrogen, particularly at the location of the extreme root of notch, below a
critical level of shear stress which is required to create new fracture surfaces.
This implies that crack initiation and propagation occur without the dissolution of

the metal as shown in Figure 2-26 *° .

Since crack initiation and propagation have been assumed to take place by
rupture of material as explained by Boellinghaus *° the application of this theory
to HAC remains contentious *°. It was also reported by Lynch *’ that the energy
required for fracture in materials almost entirely involves plastic deformation,
and as such surface energy should not be significant. Therefore, the adsorption
theory does not seem to give an accurate account of the dynamic stages of

crack propagation * 2,

Figure 2-26: Schematic illustration of the adsorption theory ***
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2.3.3.6 Hydride Theory

Viyanit **? reported that the embrittlement of metallic materials by the formation

of a second phase known as metal hydride has also been categorised as HAC.

57

Hauge referred to hydrogen embrittlement as a wider term for several

hydrogen failure mechanisms. But, Gangloff *’

disagrees with such
generalisation on the ground that the atomistic mechanism of hydrogen
embrittlement does not clearly define the precise nature of hydrogen damage

mechanisms.

Hydride formation in materials can be grouped into four categories depending
on metal-hydrogen bond formed, which could be: lonic hydrides, transition

9 1t was further

hydrides, intermediate hydrides and covalent hydrides
explained that the transition hydrides are quite important, particularly for
structural alloys. However, not all transition metals, e.g. Fe, Ni, Cu, Cr and Mo
can form metal hydrides. Transition metals in Group-V, including Nb, V, Ta, Zr,
Ti and Mg can possibly react with hydrogen to form metal hydrides with the

involvement of other mechanisms as described by Birnbaum *°.

An extensive study on hydride formation especially for Group-V metals has
been reported by Nelson *°. The metal hydrides simply assist in decreasing the
material strength and ductility. As a result, the brittle fracture mode can be
observed on the crack surface at very low strain rates and temperatures at
which hydrogen can still be transported to the crack tip °2. The mechanism of

hydride embrittlement is represented in Figure 2-27.

There is no doubt that the formation of metal hydride in the matrix lattice can

cause embrittlement in alloys. According to Viyanit **2

, this mechanism cannot
describe embrittlement of iron based alloys because iron does not form a metal

hydride.

Since most high strength steels are alloyed with elements such as Nb, Ti, V,

152

etc. that can form metal hydrides, Viyanit claim that metal hydride cannot

describe embrittlement in steels may not necessarily hold.
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a} Flux of hydrogen to the crack tip due fo

T'U reduction of the hydrogen chemical potential
d, in the tensile stress field.
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Figure 2-27: Schematic illustration of hydride theory showing crack propagation
in the metallic hydride region ahead of the crack tip by stress induced hydride
formation

2.3.4 Hydrogen Transport Mechanism in Steel

Hydrogen is transported through the iron lattice by diffusion and the main
mechanism is by interstitial jumps °’. Hydrogen diffusion requires generally
chemical gradients of hydrogen concentration, and such gradients are

generated by different hydrogen sources *°

. The transportation of atomic
hydrogen through steel and metallic materials generally is significantly
influenced by the material crystal structure. A closer look at the steel lattice
shows that it is built up from different microstructures, each having their own
properties regarding hydrogen diffusion. The a-ferritic body-centred cubic (BCC)
crystal has an open lattice structure, which allows a high hydrogen diffusion rate
and low solubility. The more close-packed face-centred cubic (FCC) lattice
structure of y-austenite makes it more difficult for hydrogen to diffuse through

the lattice resulting in high solubility of hydrogen atoms. Smailowski 1%

reported
that the solubility of hydrogen in the matrix structure of steel is directly
proportional to the amount of the (austenite) FCC-crystal structure. The
martensitic structure can be both body-centred tetragonal (BCT) and hexagonal
close packed (HCP). Both these structures are closer packed than BCC,

resulting in a martensite diffusion rate in between that of ferrite and austenite.

58



Table 2-1 represents the hydrogen diffusion rate and solubility of these
microstructures *°, and Figure 2-28 represents hydrogen diffusion coefficients in

two types of steel.

Table 2-1: Comparison of the hydrogen diffusion rate and solubility of
common steel microstructures

Microstructure Lattice structure Diffusion rate Solubility
Austenite FCC LOW HIGH
Ferrite BCC HIGH LOW
Martensite BCT and HCP MEDIUM MEDIUM
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Figure 2-28: Scatter band of hydrogen diffusion coefficients in micro-alloyed and
low carbon steel '8

The lattice sites of steel can be both octahedral and tetrahedral as shown in
Figure 2-29. The tetrahedral interstice is a stable absorption site for hydrogen in
the FCC crystal structure, and is more stable for atomic hydrogen than the

octahedral site in the BCC crystal structure **2.
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Figure 2-29: Schematic illustration of octahedral and tetrahedral lattice sites in
(a) FCC structure and (b) BCC structure **

2.3.5 Factors that Influence Hydrogen Assisted Cracking in Hyperbaric
Welding

The factors that influence HAC in hyperbaric welding are the same as welding
at one atmosphere, except that it is usually more difficult to control the former
due to potential presence of moisture in the welding environment. HAC results
from three independent conditions occurring simultaneously: hydrogen in the
weld metal, susceptible microstructure and tensile stresses. We shall now

examine these factors more closely.
2.3.5.1 Hydrogen

It has been extensively reported that hydrogen reduces the fracture strain of

metals. Huismann et al ® demonstrated that hydrogen content as low as 1 to 3
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ml /100 g Fe caused dramatic reduction of fracture strain as shown in Figure
2-30. During hyperbaric welding 2-10 ml /100 g Fe hydrogen are readily
achievable ®°. The International Institute of Welding (IIW) stipulates that to avoid

HAC the hydrogen content of the weld metal should not exceed 5 ml H,/100 g
Fe.
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Figure 2-30: Influence of hydrogen content on fracture strain ®

Although the hydrogen content of high strength pipeline steels is low, hydrogen
may diffuse from the weld metal into the base metal. Huismann et al ®
simulated the presence of significant hydrogen content near the melt line as
represented in Figure 2-31. They also demonstrated that further hydrogen
diffuses from the weld metal into the HAZ after cooling. Therefore, reducing the

hydrogen level where critical conditions are present will reduce the risk of HAC

HD
[mU400aFe]
0

a) First layer

Figure 2-31: Hydrogen distribution after welding, HAZ gets significant hydrogen
only near the melt line
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2.3.5.2 Microstructure

The weld thermal cycle determines its microstructure, which also depends on
the material. The X65 pipeline steel used for deep sea applications could have
carbon equivalent (CE;w) higher than 0.4, which makes it susceptible to
martensite formation especially during the fast cooling that is associated with
hyperbaric welding. This microstructure has high hardness and low fracture
toughness. Huismann et al ® reported that for sleeve repair, the combined
thickness of the pipe is very high (35 mm and 50 mm) compared with the
relatively low heat input, and that will exacerbate the cooling condition. In the
same study, it was shown that using 0.6 kJ/mm heat input led to a cooling time
in the range of 800 °C to 500 °C (Atgs) of 2 s to 3 s. As shown in Figure 2-32,
such high cooling rates will evolve a martensitic and bainitic microstructure for

the X65 steel used.
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Figure 2-32: CCT diagram (1350 °C peak temperature) for X65 steel *
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2.3.5.3 Mechanical Behaviour

The restraint conditions on the solidifying weld metal determine the stress/strain
field. The weld metal is subjected to high restraint during hyperbaric welding of
pipelines. Huismann et al ® reported that the root bead gets high restraint,
which makes it prone to HAC and that fillet welds showed greater risk to HAC
than butt welds due to higher intensity of restraint. This implies that the
shrinkage stress on the weld metal will be low if the restraint of the plate is low.
High restraint conditions cause high shrinkage stresses, which result in plastic

deformation of the weld zone .
2.3.6 Preventing Hydrogen Assisted Cracking of Hyperbaric Welds

If one or more of the conditions listed above are removed or controlled below a
threshold values hydrogen cracking will not occur. Most importantly, limiting
hydrogen in the weld reduces cracking susceptibility since it is the main cause.
But these conditions are difficult to control in hyperbaric welding as some level

of hydrogen pick-up may be inevitable. Huismann et al ®

reported that the
expected hydrogen content of the weld metal is between 5 and 10 mil/100 g Fe,
which is picked-up from water vapour in the hyperbaric welding habitat. Viyanit
152 reported that the susceptibility of welded components to HAC can be
reduced if the local hydrogen concentration in sensitive regions is constrained
below the critical value, because it is impractical to avoid a build-up of stress-

strain distribution in fabrication welding, particularly in offshore construction.

If a weld remains at high temperature after welding due to preheat, inter pass
temperature control or post heating, hydrogen that was picked up by the weld
has the ability to diffuse away. This is because the average hydrogen diffusion
in steel depends on temperature among other factors. For example, at 100 °C it
is typically 1000 times faster than at 20 °C or room temperature 3. In addition to
preheat, the wall thickness of the joint and number of weld passes has an effect
on the diffusion of hydrogen from the weld. Huismann et al ® used a

combination of preheating and post weld heating to avoid HAC.
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Given the high cooling rate of deep water hyperbaric arc welding, the author is
proposing the provision of additional heat input to the welding arc in order to
extend the weld cooling time. This will allow more time for dissolved hydrogen
to escape from the weld metal and HAZ region, thus eliminating the main cause
of HAC. Hence, the investigation of laser assisted arc welding process whereby
the laser will provide post weld heating to the weld zone.

2.3.7 Summary

There is vast resource in the literature on hydrogen assisted cracking (HAC)
that focused on hydrogen damage and transport mechanisms in steels.
Although, different mechanisms were proposed as possible causes of HAC,
most authors were of the opinion that a single mechanism cannot be used to
explain all observed behaviours. There were therefore suggestions that in
addition to the mechanisms, a basic understanding of hydrogen uptake and
diffusion process, as well as determination of local loads may provide sufficient

explanations of the phenomenon.

Only a few references were found on HAC of hyperbaric welds. However, the
factors that cause HAC are essentially the same for welds made in one
atmosphere condition except that the former is more difficult to control because
of the potential presence of moisture in a hyperbaric chamber. Hydrogen,
hardened microstructure and tensile stresses caused by restraint to the
solidifying weld metal were identified as factors responsible for HAC. The
proposed preventive measures were appropriate pre- and post- weld heating as
these will enhance the diffusion of dissolved hydrogen away from the weld

metal and HAZ, thereby eliminating the primary cause of the problem.

The fast cooling associated with deep water hyperbaric arc welding may limit
the effect of pre-heat; therefore, the author is proposing a laser assisted arc
welding process whereby the laser will provide additional heat to help keep the
weld metal at a higher temperature for a longer time. This will extend the
cooling time of the weld metal so that dissolved hydrogen will have enough time

to escape before diffusing to stress concentration points.
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2.4 Laser Welding in Hyperbaric Environment
2.4.1 Overview

Laser welding is an established process that has found many industrial
applications especially in the automotive sector. The application of laser welding
for underwater repair of structural steel has also received some attention

particularly in the nuclear industry. Szelagowski et al *°

reported that
underwater laser beam welding is not a new technology even though it has not
received wide acceptability. In addition to fillet weld trials and qualification,
underwater laser beam cladding was developed by Toshiba *?°. Laser beam
welding has also been developed as a viable underwater repair technology by

WEC Welding and Machining for use in the nuclear power industry .

The technology and experience from underwater laser welding in the nuclear
industry can be transferred to the oil and gas industry as a viable technology for
repair of offshore structures *2°. However, the limitations of wet welding such as:
risk of hydrogen cracking in hardenable steels, porosity, lack of fusion and
potential for poor mechanical properties of welded joints have been identified as

potential issues of the process.

As the exploitation of oil and gas reserves moves into deeper waters, these
limitations become even more critical, necessitating the development of
advanced welding techniques for repair and installation of offshore structures.
Laser welding in a hyperbaric gas environment will potentially give improved
weld quality compared to laser underwater (wet) welding since it will be
performed in a dry environment. However, there is a dearth of information in the
literature on laser welding in a hyperbaric environment. The author can only

report on studies by Shannon et al *** and Hilton et al ®* in this area.

In most applications laser welding involves operating the laser in a keyhole
regime. That is when the power density of the focused laser beam is high

enough to cause melting and vapourisation of the material ***. Although this
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allows for high welding speed, low distortion and deep weld penetration, it is
intolerant to tight joint fit-up and the keyhole instability can limit weld quality.

There are also inherent drawbacks with this process for repair and installation of
offshore structures. Firstly, keyhole laser welding is a low heat input per unit
length process, and considering the high cooling rate at elevated pressure, the
tendency for HAC will be high. Secondly, the efficiency and performance of
laser welding in a hyperbaric environment is hampered by high pressure
conditions. As reported by Shannon et al '*, the formation of large a plume
during laser welding in hyperbaric condition causes the laser energy to be
attenuated and results in collapse of the keyhole. This limits welding to
conduction mode. It must be mentioned that this study was based on a CO,
laser, which could potentially be absorbed by the plume because of its relatively
long wavelength (10.64 microns). A solid state laser such as fibre laser is
transparent to the plasma generated because of its much shorter wavelength

(1.07 microns) and could have given a different result.

In this work, the laser is operated in the conduction-welding regime. The laser
beam is defocused or at a low power density, which will not cause material
vapourisation. It is a more stable process and reduces fit-up problems since the
beam is larger. However, it is relatively slow and the high heat input per unit

length can cause higher distortion.

Laser welding and arc welding processes can be combined in a common melt
pool as a hybrid process to achieve a synergy. Laser hybrid processes have

been extensively reported in the literature % 29 7% 83 89 104, 107: 107, 108; 110; 111; 124;

125:131:132 " These have mostly involved operating the laser in the keyhole mode
in combination with a GMAW process. This approach has been shown to
overcome fit-up problems associated with laser keyhole welding but the
additional process benefits of deep weld penetration have not been significant

134 Also weld pores can be a problem due to keyhole instability.

The approach of this research work is to operate the laser in the conduction-

welding mode, combining with a GMAW process. The arc will lead the laser to
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enhance optical absorption. However, both heat sources are not in a common
melt pool. The laser is merely assisting the arc by providing additional heating;

hence the term laser assisted arc welding.

A brief overview of hybrid laser keyhole and conduction welding will be given in
the following section. This will be followed by induction assisted laser welding
process, which has potential benefit of reducing the weld cooling rate.

2.4.2 Laser Keyhole and Conduction Welding

One of the benefits of laser GMAW hybrid welding is to improve penetration
depth, and this is achieved by keyhole welding, which is shown in Figure 2-33
(a). lon ®® and Reutzel et al *** described the keyhole as fundamentally a
cylindrical cavity with molten metal walls, which are kept from collapsing by
equilibrium forces created by vapour pressure and those exerted by the molten
material inside the keyhole. A schematic of keyhole welding is depicted in
Figure 2-34.

Laser beam

Laser beam
electrode electrode

\
\

Inert

Gas

Shle'd/'\/'
T
1

arc

Inert
Gas

Sh c‘d/‘\/'
\

arc

Welding direction Welding direction

Figure 2-33: (a) Schematic of hybrid keyhole (b) conduction welding **°

A keyhole is formed if the power density of the focused laser beam is high
enough (~ 10'® W m™) to cause melting and vapourisation of the material before
heat is removed from the processing zone by thermal conduction *?*. When the
metal is molten, absorption of the laser beam is remarkably improved "% 8,
Energy absorption by the material and overall energy transfer efficiency is

determined by two mechanisms: Inverse Bremsstrahlung absorption (energy
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transfer from photons to electrons) and Fresnel absorption (multiple reflections
at the wall of the keyhole) ®® 7* **_ The vapour inside the keyhole may be
ionised and could form plasma, which improves the laser absorption. However,
to achieve deep penetration, it is necessary to weld at low travel speed, in

which case the process can be severely affected by the plasma and plume

escaping from the keyhole and forming above it **. These defocus the laser
68; 80; 108; 124; 133

beam and reduce its power density
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Figure 2-34: Principles of laser keyhole welding ®

When the laser beam is defocused or at a lower power, it is in the conduction-
welding mode, as shown in Figure 2-33 (b). In this case the laser power density
is in the order of 10° Wm™, which is used to join materials without significant
vapourisation ®8. Conduction-like welds give a hemispherical weld bead with low
depth-width ratio, similar to that of the GMAW °. The principal mode of
conduction welding is by direct heating, which involves absorption and

conduction of the laser energy into the surrounding material.

Studies by Thong et al *® showed that increase in laser spot diameter during
hybrid conduction welding led to increased wettability of the weld deposit. In
addition, since the laser radiation did not penetrate inside the material, less
disturbance of the weld pool was observed, thereby making the process less
susceptible to gas entrapment. This is in contrast to keyhole welding which can

cause porosity due to intermittent closures of the keyhole **. Findings reported
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by Rasmussen and Dubourg '°®® showed that with decreased power density,
smoother weld bead was achieved, but at decreased travel speed. This makes
the process suitable for welding thin plates unlike keyhole welding that is
suitable for welding thick plates of up to 20 mm. Figure 2-35 shows the

macrographs of a typical laser hybrid keyhole and conduction mode welds.

Figure 2-35: Macrographs of hybrid keyhole (left) and conduction (right) welds **°

It is important to mention that while several works on laser GMAW hybrid
keyhole welding have been reported in the literature, there is limited information
on the hybrid welding in conduction mode. This may be because the former is
reported to have several industrial applications or because there is little
understanding of the applicability of the latter. Interestingly, laser hybrid
conduction welding is a more stable process and easier to control than hybrid
keyhole welding, which may be characterised by instabilities that can limit weld
quality. Also, laser hybrid conduction welding has been found to be thermally
very efficient, leading to additive effects in terms of weld penetration.

It must be stressed that the aim of this research work is not a classical laser
GMAW hybrid process because both heat sources are not in a common
processing zone as is the case with laser arc hybrid welding. In this case, the
laser is used for post-weld heating. Hence it is used in conduction mode to
provide additional heat input to the GMAW process to increase the cooling time

and reduce susceptibility to hydrogen assisted cracking.
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2.4.3 Induction Assisted Laser Welding

The concept of induction assisted laser welding depicted in Figure 2-36 is
based fundamentally on the need to control the high cooling rate related to laser
welding. The process involves the use of an integrated induction head to
provide heat that is confined to the welding location thereby establishing
favourable conditions for crack free welding of components that are ordinarily
difficult to weld. Mach et al ® described the application of induction technology
in welding processes as a suitable way to circumvent the undesirable effects
and expand the potential range of modern welding methods such as laser,
GMAW and hybrid. In order to prevent loss of toughness and high hardness in

the weld seam, Jahn et al ©

used a welding procedure involving a CO; laser in
combination with inductive pre-heating to prevent the formation of martensite.
Lowering of cooling rate can be easily and favourably achieved by incorporating

induction heating with a laser process.
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Figure 2-36: Schematic diagram of induction assisted laser processing *°
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2.4.3.1 Induction Heating

There are different forms of induction heating that are widely used for industrial
hardening, brazing, tempering, soldering and pre-heating. They offer the
advantage of a good combination of speed, control and consistency. The
fundamental principle of the process involves using a large coil with high
frequency alternating current to induce heating in any adjoining metal surface
by electromagnetic induction. The magnetic flux induces eddy current which
resistively heat up the material without any direct contact between the metal
and coil. This generates precise and localised heating. The opposing eddy
currents also create “the skin effect” which causes the impedance below the

metal surface to increase as frequency increases *°.

Since the effect of induction heating is highly localised, intense heat is
generated in adjacent metal to the coil with only a short range effect. An
induction heating system is shown in Figure 2-37.

6

Figure 2-37: Induction heating *

2.4.3.2 Process Characteristics

The time-temperature cycle or the cooling curve shown in Figure 2-38 during
laser welding can be influenced by integrated inductive heat input to the
process. This enhances the weld properties of components made from heat

treatable as well as advanced high strength multi-phase steels. Similarly,
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improvement of mechanical properties by induction assisted laser welding of
high strength low alloy (HSLA) steel can also be expected °.

laser laser induction

temperature —p

Figure 2-38: Effect of induction heating on the thermal cycle during laser
processing *°

As shown in Figure 2-38, the blue curve representing pure laser welding has a
shorter cooling time than the red one, which represents induction assisted laser
welding. This shows that induction heating provides additional heat that leads to
longer cooling time and consequently a slower cooling rate. This will be
beneficial to the mechanical properties of the resultant hybrid weld. Different
studies have investigated the metallurgical effects that the combination of
induction heating and laser welding has on several materials and sheet

thicknesses % 4870 781123

Jahn et al "°

showed in Figure 2-39 that induction assisted laser beam welding
offers two fundamental opportunities. The red continuous curve depicts the fast
cooling rate of pure laser welding, while inductive pre-heating, post-weld
heating or both gave an increase in the effective cooling time, which will reduce

or prevent the formation of martensite.
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Figure 2-39: Schematic of time- temperature curve: LBW + preheating (left), LBW
+ annealing (right) ”°

The strategy adopted by Jahn et al “° for crack free cooling of the weld seam
during solidification in laser beam welding and inductive annealing processes
shown in Figure 2-39 (right) was to establish the martensite start temperature
Ms and thereafter start the short time inductive heating of the weld seam. The
maximum induction heating temperature should be restricted to values below
the austenite formation temperature Aci in order to prevent additional
microstructure transformation during inductive heating, and reduce the global
heat input °. Figure 2-40 shows the weld microstructures of the welded joints

with and without induction heating.

Figure 2-40: Laser weld joint without induction (left) and with induction (right) *°
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2.4.3.3 Application of Induction Heating

The induction heating system developed by EFD Induction AS, Norway was
used for pre-heating in the Statoil Tampen Link project that connected the
Statfjord field gas export line with the Shell UK export pipeline. This underlines
the amazing versatility of induction heating when it was successfully used for
the manual hot tap welding of a branch pipe on to a pressure gas pipe which is
below 145 m depth in the North Sea. Induction heating was employed because
it was the only feasible method to provide direct heating to the pipe without
significantly heating the surrounding area. This technology was principally
appropriate for subsea operations because of its compliance with safety
regulations, and it was its first ever application in subsea operation *°. The rapid
cooling effect of the flowing gas in the pipe was balanced by the high heat input
from the induction heating system thereby bringing the temperature to the
required range before welding. Figure 2-41 shows induction coils connected to

a test pipe before welding the connecting pipe.

Figure 2-41: Three induction coils on atest pipe (left) and welding the branch
(right) *°
Laser beam welding of a wide spectrum of steels is enhanced by induction
heating. These steels include: case hardened, high carbon, cold worked tool
steels as well as some select grades of cast iron. In combination with other

techniques, induction assisted laser welding provides a new approach for the

design and production of components “°.
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Fraunhofer

reported a breakthrough in induction assisted laser welding of
differential gear sets, which only some years back were mechanically
assembled. Figure 2-42 shows the welded and bolted gear sets. The
technology also finds application in induction assisted laser beam cladding,
transformation hardening and surface re-melting. It offers advantages to these
processes, which include among others: low dilution and crack free cladding of
high carbon and alloyed steels, quick and economical case hardening of

intricate parts and improved resistance against abrasive lubrication.

Induction assisted laser beam welding systems have also been used to weld
high strength pipes with different success rates, depending on the pipe

thickness and the steel grade “®.

Figure 2-42: Welded (right) and bolted (left) differential gear sets

The longitudinal welding by laser and/or plasma process of high grade pipeline
steel up to 16 mm thick for energy transportation, otherwise known as the
LAWPIPET programme is an initiative of the EU comprising companies, which
include: steel manufacturers, pipe producers, pipe laying contractors, and
universities. The overall objective of the programme was to produce high grade
steel pipeline with high toughness and resistance to hydrogen cracking using an

induction assisted laser welding process "°.

According to Gerardin et al *®, the programme was designed to use a high
power laser source of up to 45 kW in association with a 600 kW induction

heating source to weld heavy sections of different pipe grades such as X65HIC,
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X70HIC, X70 and X80. Results from their study underscore the importance of
defining the pre-heating temperature limits in induction assisted laser welding in
order to enhance energy efficiency of the process and avoid introducing

undesirable microstructural phases.
2.4.4 Summary

There have been few reported works regarding the application of lasers in
underwater welding, which have been mostly in the nuclear power industry,

while only two authors reported its application in a hyperbaric environment.

Several researchers have reported their work on laser arc hybrid welding
processes, which involve the combination of a laser (primary heat source) and a
secondary heat source in a common processing zone. These were mostly laser
keyhole hybrid welding. There has been little mention of laser conduction hybrid
welding in the literature. Induction assisted laser welding has been described as
a laser hybrid welding process, which can be used to control the high cooling

rate associated with laser welding

Induction heating power can be delivered for deep water application, but would
require modifications to the current systems. In this study, the laser beam is
mainly intended to assist the GMAW process by providing additional heat input
to reduce the cooling rate of the weld metal. The laser beam is defocused to
facilitate welding in conduction mode; hence the term laser assisted arc
welding. This is a novel work and as a result information has not been found in

the literature.
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3 Thermal Cycle and Metallurgical Investigation in Dry
Hyperbaric GMAW

Scope

The effect of ambient pressure on the arc, weld pool characteristics and
resultant mechanical properties during hyperbaric welding has been reported.
However, there are no reported works concerning the empirical determination of
the influence of the hyperbaric chamber gas pressure on the weld pool cooling
rate. Understanding the weld pool cooling rate is a critically important factor

governing the resultant weld microstructure and mechanical properties.

This chapter investigates the weld pool thermal cycles and resulting
metallurgical characteristics in hyperbaric GMAW at different pressures. The
pressures vary from 1 bar to 200 bar, which represents 1 atmosphere to 2,000
metres of sea water depth. Single instrumented bead-on-pipe welds were
performed on two different material thicknesses to evaluate the effect of
conduction by the pipe material and convection by the chamber gas on weld
metal cooling time. A cooling block calibration test was also performed in order
to isolate the effect of the chamber gas on cooling time i.e. without the effect of
the welding process. The weld pool thermal cycles and resulting cooling times
were determined by embedding thermocouples in the steel sections.
Microstructure analysis and micro hardness mapping were performed to
understand the metallurgical phase formation. Possible experimental errors are

discussed, followed by the presentation and discussion of results.
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3.1 Aim and Objectives

The main focus of the research presented in this chapter is to understand the
influence of the habitat or chamber gas pressure on the thermal cycle of the
hyperbaric GMAW process. To achieve this, welding trials were performed at
different pressures using the 250 bar hyperbaric chamber facilities at Cranfield

University. The main objectives were as follows:

e To determine weld pool thermal cycles and cooling times at different

argon gas pressures;

e To establish whether there is a relationship between the ambient
chamber pressure and weld pool cooling time for the material

thicknesses tested; and

e To use a cooling block calibration experiment to evaluate the influence of
ambient argon gas pressure on convective heat loss; i.e. without the

effect of the welding process.
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3.2 Materials and Equipment

The materials used for this study are presented in this section. These include:
pipeline steel, mild steel and welding consumables. The equipment used for the
welding trials, weld instrumentation, cooling block calibration, and metallurgical
characterisation (Macrostructure, microstructure and hardness tests) are also

presented.
3.2.1 Materials
3.2.1.1 Steels

Two different grades of steel were used for this experiment. They are 25 mm
thick sections of seamless X65 pipeline steel with specified minimum vyield
strength (SMYS) of 450 MPa and 5 mm thick sections of mild steel. The
chemical compositions are given in Table 3-1.

3.2.1.2 Welding Wire

The welding wire used was metal-cored ESAB CoreWeld HBQ with a hominal
diameter of 1.0 mm. This wire has been used in the recent hyperbaric research
work performed at Cranfield. The as-deposited chemical composition is given
in Table 3-2.

3.2.1.3 Chamber Gas

The chamber was filled with 99.99 % pure argon. No additional shielding gas

was used.
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Table 3-1: Chemical composition of steel grades

Material |OD/WT Chemical analysis in wt. % Carbon
(mm) equivalent
C Mn | Cr | Ni | Cu Y, Al | Mo | Si S P B Nb Ti [CEw® [ Pen®
X65 324/25.4 | 0.08 | 1.65 | 0.11 | 0.16 | 0.17 | <0.004 | 0.03 | 0.08 | 0.22 | <0.03 | 0.014 | <0.0005 | 0.02 | <0.01 | 0.45 0.18
Mild - 0.08- | 0.03- - - - - - - trace | 0.04 | 0.04 - - - - -
steel 0.13 | 0.50
(a) CEyw = C+(Mn+Si)/6+(Cr+Mo+V)/5+(Ni+Cu)/15
(b) P¢m =C+Si/30+Mn/20+Cu/20+Ni/60+Cr/20+Mo/15+V/10+5B
(c) OD is outside diameter, and WT is wall thickness
Table 3-2: As-Deposited Welding Chemical Composition
Material Chemical analysis in wt. %
C Mn Cr Ni Cu \% Al Mo Si S P B Ti O N
ESAB
CoreWeld | 0.07 | 1.32 | 0.03 | 0.50 | <0.01 | 0.01 | <0.01|0.02| 042 | 0.01 | 0.01 | <0.0005| 0.01 | 0.036 | 0.004
HBQ
(1.0 mm)
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3.2.2 Equipment

The equipment used for the hyperbaric welding trials is presented in this

section.
3.2.2.1 Hyperbaric Chamber

The hyperbaric welding chamber is a 250 bar pressure chamber of 1.2 m®
internal volume. It contains a three axis Cartesian manipulator for linear welds
in all positions, or a four axis orbital head for welding in the 5 G position **" 19,
It is equipped with pressurised water cooling system, fume extraction and clean
gas re-circulation, shielding gas and all necessary electrical supplies . A

photograph of the chamber is shown in Figure 3-1.

ASSS

Figure 3-1: 250 bar hyperbaric chamber
3.2.2.2 Welding Power Source

The welding power source is a modified inverter power source comprising three
units of Fronius Trans Pocket TP 450 connected in series to deliver up to 450 A

and 200 V (Figure 3-2) . To achieve optimum power source control, a
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combined digital and analogue computer was used. The analogue system
generates the output characteristic while the digital control provides the user

interface and pulse generation capabilities. The output values were updated at

117

a fixed frequency of 10 kHz Operation of the power source control is

reported by Richardson et al **° .

Figure 3-2: Fronius Trans Pocket TP 450 power sources in series

3.2.2.3 Welding Control System

The Weld Control System (WCS) was developed by Isotek, employing
hardware and software similar to those used offshore for the THOR and PRS
systems. It comprises a top station user interface and bottom station real time
(VME based) computer. The system controls all the sequencing and welding
parameters **’. Figure 3-3 is a photograph of the control station showing the

pressure and welding monitoring units.
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Figure 3-3: Control station
3.2.2.4 Weld Instrumentation

The instruments used for monitoring welding current, arc voltage and wire feed
speed behaviour, and generating weld thermal cycles are presented in this

section

3.2.2.4.1 Measurement of Welding Parameters and Thermal Cycle

A DL 750 Scopecorder, as shown in Figure 3-4, was used for the real time
acquisition of transient welding current and arc voltage data, and wire feed
speed. The instrument gives the flexibility of capturing data at a very high
sampling rate of up to 50,000 samples per second. It consists of twelve
channels that can be used to simultaneously measure the welding current, arc

voltage, wire feed speed, and temperature using K and R-type thermocouples.

Probes were used for the welding current and arc voltage measurements. One
end of the current probe was connected to the instrument and the other end
clamped to the earth wire to measure the current. Similarly, a voltage probe was
connected to the instrument and clamped around the welding plate to measure
the voltage between the power source and the plate.
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Figure 3-4: DL750 Scopecorder

R-type (Pt-13%Rh) and K-type (NiCr-Ni) thermocouples were used in this
research to measure the temperature of the weld metal and the Heat Affected
Zone (HAZ) respectively. The R-type can capture temperature up to 1600 °C
while the K-type can measure up to 1370 °C ®. One end of the R-type
thermocouple was embedded inside the test piece to make contact with the
melt pool, while the K-type was attached on the surface of the test piece. The
other ends were connected to the Scopecorder, which logs the temperature and

time during welding.

3.2.2.4.2 Capacitance Discharge Welder
A capacitance discharge welder SR-48 shown in Figure 3-5 was used to join the
thermocouple tips. It was also used to attach the thermocouple to the test

pieces.

CAPACITANCE
DISCHARGE WELDER
SR4N

Figure 3-5: Capacitance discharge welder
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3.2.2.5 Characterisation

The instruments used for the metallurgical and mechanical characterisations

are presented here.

3.2.2.5.1 Metallographic Examination

The welded samples were prepared for metallography using the Buehler
Metaserv 2000 and Motopol automatic grinding machines. 120, 240, 1200 and
2500 grit papers were used for grinding, while 6 ym diamond paste and
0.05 pm colloidal silica were used for polishing. The etchants used were as

follows:

e 10% nital (10% nitric acid in ethyl alcohol) for macrographs

e 2% nital (2% nitric acid in ethyl alcohol) for micrographs.
The samples were examined using an optical microscope.

3.2.2.5.2 Micro Hardness Measurement

The hardness testing machine used in this work is shown in Figure 3-6. It is an
automatic hardness tester that uses a diamond indenter, and has two lenses of
10 and 40 times magnifications. It is equipped with a table that moves in the x, y

and z directions.

Hardness Machine

Figure 3-6: Zwick Roell micro hardness testing machine
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The same set-up was used for weld instrumentation and metallurgical
characterisation for all the experiments described in this thesis. Therefore,

references will be made to them in subsequent chapters.
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3.3 Experimental Methods

3.3.1 Welding Trials at Different Pressures

Woodward **" conducted comprehensive studies on welding parameters at
different pressure levels for both single pass and multi-pass welds using the
250 bar hyperbaric chamber. Pulsed and short circuit settings were reported in
his work. This experiment employs the optimised parameters used in his report,

and the values are given in Table B-1 of Appendix B.

Instrumented bead-on-pipe welding was performed on (240x60%25) mm
section of X65 pipeline steel at different pressures inside the 250 bar pressure
chamber. After evacuation, the chamber was pressurised with 100 % argon gas
with no additional shielding gas. The thermal cycles at different locations of the
pipe were determined with embedded R-type and attached K-type
thermocouples. Four pressure levels of 1, 18, 100, and 200 bar were chosen to
represent one atmosphere, shallow water, deep water and ultra-deep water
conditions respectively. For 18 and 100 bar pressure, three welds were made
at 5 mm/s, 6 mm/s and 7 mm/s welding speed with a constant wire feed speed
(WFS) of 8 m/min. At 1 bar and 200 bar pressure, only one weld was made at 7
mm/s welding speed as this provided sufficient data to compare the thermal
cycles at different levels of chamber pressure. A constant contact tip to work
distance (CTWD) of 11 mm was used.

Welding trials were also performed under identical conditions using the same
parameters on thinner material to further investigate the effect of gas pressure
upon weld metal cooling rate. These were instrumented bead-on-plate welding
on a thinner section (240x60x5) mm of mild steel.

Pipeline steels selected for deep water applications are comparatively high wall
thickness X65 steel because of the need for high collapse strength especially
when not pressurised. This informed the choice of this material for the welding
trials. Welding trials on thin plate were performed to investigate the influence of

material thickness on weld metal cooling rate behaviour with respect to ambient

88



pressure. Figure 3-7 and Figure 3-8 show the completed welds on both

materials.
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Figure 3-7: Photograph of completed weld on a 25 mm thick X65 pipeline steel

Figure 3-8: Photograph of completed weld on a 5 mm thick mild steel section
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3.3.2 Cooling Block Calibration

A (198x81x25) mm X65 steel block was heated up to a temperature of
approximately 100 °C using a resistance heating mat as shown in Figure 3-9.
The steel block was insulated from the manipulator stage of the hyperbaric
chamber and allowed to cool down to ambient chamber temperature at different
pressures ranging from 1 bar, 18 bar, 37 bar, 100 bar to 150 bar. The ambient
temperature was typically between 19 and 20 °C for all the tests. Three K-type
thermocouples were attached to the surface of the steel block and were used to
generate cooling curves at each pressure level. The average time for the block
to cool from the peak temperature to ambient chamber temperature was
measured at each pressure level. This experiment was performed to investigate
the influence of pressure on convective heat loss to the chamber gas. It was
assumed that the heat loss was mainly by convection in the absence of heat
transfer by conduction in the material (i.e. without welding).

Figure 3-9: Set up for cooling block calibration
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3.3.3 Generation of Weld Thermal Cycle

The depths of the embedded thermocouples in section 3.3.1 were 24.5 mm and
4.5 mm for the thick and thin plates respectively. This placed the R-type
thermocouples inside the weld pool in order to measure the actual weld pool
thermal cycle as shown in Figure 3-10. Also, two K-type thermocouples were
attached 5 mm and 10 mm away from the weld centre line as shown in Figure
3-7 and Figure 3-8. The thermocouples were used to measure the weld thermal

cycles.

60 mm 60 mm N
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Figure 3-10: Arrangement of the R-type thermocouples inside the test piece (Left)
25 mm and (right) 5 mm plate.

3.3.4 Measurement of Heat Input and Cooling Time

The measurements of instantaneous welding current and arc voltage were used

to calculate the weld heat input according to equation (3-1).
t (V.1)dt
Jo /at

Q=n. ,

v

(3-1)

where Q is the heat input based on average instantaneous power input; V and
I are instantaneous arc voltage and welding current, while v is the welding

speed. The arc efficiency n used was 0.8 .
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The approximate cooling time from 800 °C to 500 °C (4tg,5) was determined

from the weld thermal cycle.
3.3.5 Macrostructure and Microstructure Examination

The weld joints were sectioned, ground and polished according to standard
metallographic procedures as described in section 3.2.2.5.1 to show the
geometry of the weld metal and HAZ. The polished samples were then etched
with 2% nital solution before macrographs were taken using an optical
microscope to show the weld bead profile. Examination was carried out on the

samples to reveal the microstructures of the weld metal and HAZ.
3.3.6 Hardness Test

Vickers micro hardness traverse mapping was performed on the cross section
of the etched samples using the set up shown in Figure 3-6 of section
3.2.2.5.2.The test was carried out in compliance with BS EN ISO 6507-1: 2005
22 Ten traverses of fifty indentations each were made horizontally across the
weld using a 500 g traverse load from the left side of the base metal (BM),
across the HAZ and weld metal (WM) to the other side of the base metal
(Figure 3-11). To ensure effective mapping of the hardness distribution, the
distance between each traverse was 0.4 mm while that between each
indentation was 0.3 mm. A hardness contour map was produced with the aid of

a Matlab code.

Figure 3-11: Schematic illustration of hardness measurement
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3.4 Experimental Error

An experimental result is contentious if nothing is known about the likely size of
its error. Therefore, to generate confidence in the experimental data and results
presented here, it is vital to identify and describe possible experimental errors.
The potential sources of the experimental errors in this research work are

presented here.

There is a possibility of operator errors and system errors in this research. To
avoid the likelihood of the latter, the welding power source, hyperbaric chamber
and measurement instruments were calibrated (the power source calibration is
given in Appendix B). However, the most likely source of significant error is the
thermocouple position. This is because the thermocouple holes were drilled
manually. It is possible that there could have been deviations from the set
position, and that the depth of the holes was not fully repeatable. The positions
of thermocouples attached to the test piece surface were measured with a
metre rule. This could have introduced parallax errors that affect accurate

measurement of the positions.

There is also the possibility that the weld cooling times measured from the data
obtained with these thermocouples might be affected by the holes drilled to
attach the thermocouples inside the melt pool. This is because the holes will
create separation within the bulk material, which could affect heat transfer
through conduction. However, the chances of such errors are minimised since

the holes were only 3 mm in diameter and well separated from each other.

A measure of the uncertainty in computation of the cooling time was determined
by welding with thermocouples placed inside holes drilled to 24.5 mm from the
material surface as shown in Figure 3-10. Welds were made on four different
test pieces with the same welding parameters. Another weld was made on a
test piece with five thermocouples attached at different positions on the weld
centre line. This was done to ascertain errors due to positional variability. The
cooling time between 800 °C to 500 °C is given in Table 3-3.
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Table 3-3: Data of Cooling Time

Cooling time

Test No tgo00 ts00 Atgs
(s) (s) (s)
TC, 55.11 58.88 3.77
TC, 55.46 58.38 3.37
TCs 61.12 65.06 3.94
TC, 60.24 64.40 4.16
TCs 31.14 34.76 3.62
TCs 41.69 45.54 3.85
TC, 48.61 52.64 4.03
TCs 49.55 53.32 3.77
TCq 42.38 46.05 3.67

The standard error of the mean SE of the cooling time was used to estimate

the experimental error, and is given by:

S
N (3-2)

where s is the sample standard deviation, and n is the number of tests

Therefore, the estimated absolute error of the cooling time is given:
Cooling time = Atg/s + 0.08 (s) (3-3)

Errors during the hardness measurements may have originated from the
sample size and the sample holding device. The indenter motion is usually
interrupted when the sample holding clamps are close to it. However, steps

were taken to avoid this situation.
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3.5 Results

Results from the experiments conducted in this research are presented in this
section, with their interpretations. The discussion of the results will follow in the

next section.
3.5.1 Current and Voltage Waveforms

The current and voltage waveforms of the welding process for all four pressure
levels investigated are shown in Figure 3-12. These show that the current peaks
increases with pressure. As the short circuit happens voltage drops and current
rises to the peak value, and at higher pressure the short circuiting frequency
increases. These indicate that at higher pressure the waveforms are oscillating
more severely. Despite these fluctuations the average instantaneous power did
not change with pressure and as a result the heat input remained relatively

constant.
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Figure 3-12: Transient behaviour of current and voltage at different pressures for

welds made with 8 m/min WFS and 7 mm/s welding speed
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3.5.2 Thermal Cycles
3.5.2.1 Weld Thermal Cycles of Different Steel Thickness

Figure 3-13 to 3-15 represent the thermal cycles of welds made at the different
pressure levels investigated. A direct comparison of the weld metal cooling
behaviour between the 25 mm and 5 mm plate thickness is shown in Figure
3-13. This indicates that the thicker plate cools much faster than the thinner one
under identical welding settings. It can also be seen that higher pressure did not
have a significant influence upon the weld metal cooling rate for the 25 mm
steel thickness. The influence of pressure was significantly more pronounced

for the 5 mm plate thickness.

The thermal cycles measured on the surface of the test pieces as represented
in Figure 3-14 and Figure 3-15 are further evidence that the influence of
pressure on the cooling behaviour depends on the material thickness as

described above.
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Figure 3-13: Thermal cycles measured with R-type thermocouples for 8 m/min
WEFS and 7 mm/s welding speed (top) 25 mm thick X65 steel (bottom) 5 mm thick
mild steel
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Figure 3-14: Thermal cycles measured with K-type thermocouples for 8 m/min
WFS and 7 mm/s welding speed (top) 10 mm from weld centre line on 25 mm
thick plate (bottom) 10 mm from weld centre line for 5 mm thick plate
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Figure 3-15: Thermal cycles measured with K-type thermocouples for 8 m/min
WFS and 7 mm/s welding speed: 5 mm from weld centre line for 25 mm thick
plate

3.5.2.2 Cooling Calibration

The cooling curves for the heated steel block which was allowed to cool down
to ambient chamber temperature under different chamber gas pressures is
shown in Figure 3-16. The plot gives an indication of the correlation between
pressure and convective heat transfer since the mode of heat loss by the
material to the argon environment was via convection. It is clearly shown that
the higher the pressure the faster the material cools at these temperatures (80
to 35 °C)
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Figure 3-16: Cooling curves of heated steel block under different pressures

This is evident from the cooling times derived from the curves at the
investigated pressures. The cooling time was calculated for the temperature
range of 80 °C and 35 °C and its relationship with pressure is given in Figure
3-17. The plot shows that as pressure increases the cooling time decreases,
indicating that convective heat loss increases with pressure. It can also be seen
that the cooling time is significantly longer at 1 bar, and decreases progressively

with pressure up to 150 bar.
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Figure 3-17: Effect of pressure on cooling time

3.5.3 Heat Input and Cooling Time

The computed weld cooling times between the temperature ranges of 800 °C to
500 °C and 800 °C to 200 °C are given in Table 3-4 for both material
thicknesses. Plots that show the relationship between pressure and cooling time
for both temperature ranges are shown in Figure 3-18. It was described in the
previous section that heat input did not change with pressure because the
average instantaneous power was comparatively constant irrespective of
pressure. The values averaged 0.64 kJ/mm for all of the welds performed with 8
m/min WFS and 7 mm/s welding speed as shown in Table 3-5.

Figure 3-18 shows that pressure has little significant effect on the cooling time
for the 25 mm material, while it has an exponential relationship with cooling time
for the thin 5 mm steel section. The figure also shows that the cooling time
between 800 °C to 200 °C is much longer than 800 °C to 500 °C. For the 5 mm

material thickness, the cooling time is shown to significantly decrease as
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pressure increases. This shows the dominant influence of material thickness

with regards to weld cooling time versus pressure.

Table 3-4: Weld cooling times for 8 m/min WFS and 7 mm/s welding speed

25 mm thick plate 5 mm thick plate

Pressure Cooling time (s) Cooling time (s)
(bar) tass tsr tass tsr2
1 3.36 12.62 18.21 202
18 3.30 12.48 17.16 147
37 * * 13.94 106
100 2.95 11.03 8.77 41
200 2.80 11.01 * *

Table 3-5: Average power consumption of the welds at different pressures

Average Average Average
Pressure current voltage Instantaneous  Heat Input
(bar) (A) \V) power (k3/mm)
(W)
1 227 25 5569 0.644
18 237 24 5544 0.641
100 223 25 5627 0.643
200 221 26 5595 0.639
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Figure 3-18: Effect of pressure on cooling time for both material thicknesses
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3.5.4 Macrostructure and Microstructure Examination

3.5.4.1 Macrostructure

Figure 3-19 shows macrographs of welds at different pressures, while Figure
3-20 represents bead profiles of the same welds for the 25 mm thick material. It
can be seen that the weld penetration depth increases as pressure rises while
the weld width reduces. Also the area of the re-melted material referred to here
as penetration area is shown to increase with pressure due to higher weld
penetration, particularly between 1 and 18 bar. However, deposit area or bead
reinforcement area remains relatively the same since the same wire feed speed

and welding speed was used for all the welds.

This shows that for the same welding settings, ambient pressure plays a
significant role in defining the weld bead geometry, particularly in the 1 to 18bar

range.

200 bar

Figure 3-19: Macrographs of welds made with 8 m/min WFS and 7 mm/s welding
speed for the 25 mm plate thickness
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Figure 3-20: Weld bead profile of welds made with 8 m/min WFS and 7 mm/s
welding speed for the 25 mm plate thickness

3.5.4.2 Microstructure

Micrographs showing the microstructures of the weld metal in the penetration
area and the HAZ close to the fusion boundary for welds made at 8 m/min WFS
and 7 mm/s welding speed are given in Figure 3-21 to Figure 3-23. It can be
observed that the microstructures of the weld penetration area look highly
comparable for the 18 to 200 bar welds with a distribution of fine ferrite
structures. The microstructure of the 1 bar weld has more pronounced grain
boundary ferrite structures.

The HAZ microstructures were quite similar for the 18 to 200 bar welds. The
region closest to the fusion boundary is the coarse-grained supercritical zone. It
consists of relatively larger grains compared to the other regions of the HAZ,
which are not shown on the microstructures.
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Figure 3-21: Microstructures of (top) penetration area and (bottom) heat affected
zone from sections marked on the macrographs (insert) for the weld made at
1 bar with 8 m/min WFS and 7 mm/s welding speed
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Figure 3-22:Microstructures of (top) penetration area and (bottom) heat affected
zone from sections marked on the macrographs (insert) for the weld made at 18
bar with 8 m/min WFS and 7 mm/s welding speed
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Figure 3-23:Microstructures of (top) penetration area and (bottom) heat affected
zone from sections marked on the macrographs (insert) for the weld made at 100
bar with 8 m/min WFS and 7 mm/s welding speed
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Figure 3-24: :Microstructures of (top) penetration area and (bottom) heat affected
zone from sections marked on the macrographs (insert) for the weld made at 200
bar with 8 m/min WFS and 7 mm/s welding speed
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3.5.5 Hardness Test

Figure 3-25 and Figure 3-26 show the Vickers micro hardness measurement
(HVo5) of the welds from the macrographs shown in Figure 3-19. It can be seen
that the hardness distribution follows a similar pattern for all the welds. This
shows the hardness of the weld metal (region having a mixture of green and
yellow colours), HAZ region (band of red, yellow and light blue), and the parent
metal (dark blue). The deep red colour indicates the highest peak hardness
values > 370 HV. This is followed by light red colour showing values from about
330 to 370 HV. The mixture of green and yellow colours gives the approximate
hardness values from 260 to 330 HV, while lower hardness values are

represented by the deep blue and light blue colours.

In all cases, the maximum hardness occurs in the coarse grained HAZ, which is
closest to the fusion boundary. However, there is a progression of hardness
across the HAZ region with the lowest value in the subcritical HAZ (region just
before the dark blue colour). This is followed by the intercritical HAZ (light blue
region), and the fine grained HAZ (yellow region). The hardness of the weld

metal followed that of the HAZ, while the lowest was the parent metal.

The increase of peak hardness with pressure was not highly significant. Peak
values were 401, 397, 386, and 361 HV respectively from 200 bar down to 1
bar. This supports the previous observations that for thick materials such as
subsea pipeline steels, the welding process heat input is the dominant effect,
rather than the high pressure, controlling the cooling time and consequently

weld metal hardness.
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Figure 3-25: Vickers micro hardness map of the 8 m/min WFS and 7 mm/s
welding speed welds for the 25 mm thick plate for 1 and 18 bar pressures.
Units in mm and hardness measurement in HVg5
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Figure 3-26: Vickers micro hardness map of the 8 m/min WFS and 7 mm/s
welding speed welds for the 25 mm thick plate for 100 and 200 bar pressures.
Units in mm and hardness measurement in HVg5
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3.6 Discussion of Results

This section presents a critical analysis and interpretation of the results.

Comparisons with previous work will be made based on the research findings.
3.6.1 Current and Voltage Waveforms

The transient behaviour of the welding current and arc voltage at different
pressures as shown in Figure 3-12 was similar to those reported elsewhere
118: 163 The fluctuation of the waveform was seen to increase with pressure,
suggesting a deterioration of the transient power stability. This effect is less
marked at lower pressures. A study of the statistical analysis of current and

voltage waveforms carried out by Amin et al ’ revealed similar results.

This instability is caused by the influence of the ambient pressure on the
physical characteristics of the welding arc. For example, at elevated pressures
the gas (argon) concentration in the plasma jet increases due to higher gas
density. Amin ° computed the ionisation energy of argon per mole at 1 bar (g),
10 bar (g) and 250 bar (g) as 17.85 kJ, 178.9 kJ and 4461.1 kJ respectively to
verify that the ionisation potential of argon as well as other gases increases with
pressure. In order to keep the arc shape constant, greater amount of energy is

therefore required at high pressures to ionise the atoms within the arc column.

Amin et al ’ showed in their work that the power required for arc formation
increases at higher pressures. They suggested that lower frequencies occur at
elevated pressures due to sudden and severe fluctuation of current and very
short pulse period. They further suggested that the low frequencies represent
the arc instability, which results from the very high pulse amplitude and very

short pulse durations.

Although, the behaviour of current and voltage was harmonic in the time domain
as shown in Figure 3-12 , Amin et al ’ suggests that lower frequency wave
components are prevalent at elevated pressures. At lower pressures, the

waveform shows the same behaviour in the frequency domain i.e. at elevated
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pressure, voltage waveforms deviate from characteristic frequencies that are

produced in the current waveforms.

| 93 | 117

Finally, it was suggested by Nixon, et al ™ and Richardson et a that process
stability should not be determined mainly by electrical stability as there is no
direct correlation between them. The regular bead shape observed here across

the 1 to 200 bar pressure range supports this.
3.6.2 Thermal Cycles

There is distinct evidence from the weld thermal cycles shown in Figure 3-13 to
3-15 that the effect of pressure on weld cooling behaviour is dependent on the
material thickness. This is because for the thicker (25 mm thickness) material,
pressure increase had insignificant influence upon the cooling curves for the
same welding conditions (Figure 3-13 top). There was however a significant
effect of pressure on the cooling curves of the thinner (5 mm thickness) material
especially at higher pressures (Figure 3-13 bottom). Related studies conducted
by Amin et al ® on the thermal cycles of hyperbaric GMAW on 30 mm thick steel
plates showed similar results. Although they only measured the thermal cycles
of the HAZ at relatively lower pressures of 1 bar, 18 bar and 35 bar. Their
findings showed that weld cooling time remained relatively unchanged with
pressure in this pressure range. Apart from this work, the author could not find

any comparative studies in the literature.

Heat transfer through the material medium (conduction) and from the material to
the surrounding chamber gas environment (convection) play a key role in
understanding this phenomenon. For thicker materials the heat transfer by
conduction dominates, while the effect of convective heat loss is significantly
more pronounced for thinner materials. During hyperbaric welding of thick
section subsea pipelines, the material acts as a heat sink since the welding heat
is dissipated into the material by conduction thereby limiting the convective heat
loss from the material to the chamber gas environment. Nevertheless, the

cooling behaviour is influenced by pressure as evident in Figure 3-13 (bottom).
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This is mainly due to greater heat exchange between the material and the

environment when the thermal gradient within the material is low.

Process heat input and material thermal conductivity are other factors that can
control weld cooling behaviour at different pressures. A high heat input to the
material would accelerate convective heat transfer to the chamber environment.
However, such heat input cannot be achieved with the hyperbaric GMAW

process.

For the thermal cycles at positions 5 mm from the weld centre line of the thicker
steel section shown in Figure 3-15, the curves for 1 bar and 18 bar pressures
could not be determined since the thermocouple positions were too close to the
welding arc. Consequently, they were melted and no data was obtained. This is
due to the effect of arc constriction which increases with pressure as already
described. As a result, the arc width becomes smaller at higher pressure such
that at the same position, the thermocouples were not melted by the welding
arc. It may also be seen from the figure that the cooling behaviour of the HAZ
represented by the position of the K-type thermocouple is identical to that of the
weld metal. Although, the peak temperature is lower, the influence of material
thickness on the cooling behaviour can be seen at the pressures shown since
the curves for 100 bar and 200 bar were not greatly influenced by pressure.

To isolate the actual influence of convection at different pressures, the cooling
curves shown in Figure 3-16 were generated. These show that convective heat
loss increases with pressure because as pressure increases, the density of the
chamber gas becomes higher. Consequently, there is greater heat extraction
from the material due to higher thermal diffusivity of the gas. Some authors
attribute this to higher thermal conductivity of the gas *2. This assumes that due
to higher gas density, heat transfer is mainly by intermolecular forces or
collisional transfer similar to heat transfer by conduction **. In any case, both

thermal conductivity and thermal diffusivity are directly proportional.

Pressure and cooling time has a power relationship as given in Figure 3-17,

indicating that convective heat loss increases with pressure. The plot denotes
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that cooling time changes sensitively with pressure. There is a sharp drop in
cooling time from 1 bar to 18 bar, and subsequently the change becomes more
gradual. This supports the fact that as pressure increases, gas density becomes
higher leading to enhanced heat extraction, but the relationship is not a linear

one.

In summary, during hyperbaric GMA thick section pipeline welding in the 1 to
200 bar range the weld cooling behaviour is affected more significantly by the
welding process heat input than the ambient pressure. This is based on the
premise that subsea pipelines are usually made of thick sections to ensure
good collapse strength.

3.6.3 Heat Input and Cooling Time

The calculated heat inputs for all the welds were typically 0.64 kJ/mm
irrespective of the ambient pressure (Table 3-5). For the same welding
parameters, changes in pressure did not significantly affect the weld process
heat input. Although, the transient behaviour of current and voltage was shown
to fluctuate very much at higher pressures (Figure 3-12), the average
instantaneous power remained relatively constant at all pressures investigated
(Table 3-5). The reason for the fairly constant heat input was due to the fact that
the time averaged behaviour of the process remains relatively constant over a
typical time period for weld pool formation and solidification. The same

observations were made by Richardson et al %

In the previous section it was shown that the material thickness plays a
significant role in the weld cooling behaviour, and that the influence is more
significant than the ambient pressure. It was also established that for the thick
plate conduction dominates, while convection becomes significant for the thin
plate. This is illustrated in the calculated weld cooling time for both temperature
ranges as presented in Table 3-4. It can be seen that the cooling time remained
fairly unaffected by pressure for the 25 mm thick plate at all pressures
investigated. From 800 °C to 500 °C it changed from 3.4 s to 3.0 s between 1

bar and 100 bar, which represents 12% reduction of the cooling time, while it
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changed from 12.6 s to 11.0 s representing 13% reduction from 800 °C to
200°C. Considering the large pressure difference, which is similar to comparing
conditions at one atmosphere and 1000 m sea depth, this is a relatively small

difference.

As already described, the reason for this is due to the influence of the material
thickness on the cooling time. Heat is dissipated by conduction through the
material thickness (acting as a heat sink), a situation that resulted in the
relatively fast weld cooling time. This nullifies the effect of heat transfer by
convection to the chamber gas; hence the cooling time remained relatively
unaffected by pressure. However, the cooling time over the same temperature
ranges for the 5 mm thick plate changed from 18.2 s to 8.7 s between 1 bar and
100 bar, which represents a 52% reduction between 800 and 500 °C, and 202 s
to 41 s representing 80% reduction between 800 and 200 °C.

This means that for the thick steel section the influence of pressure on the
cooling time is almost insignificant from 800 °C to 200 °C (Figure 3.13 top).
However, for a thinner section the influence of pressure on the cooling time is
quite significant particularly, between 500 °C to 200 °C (Figure 3.13 bottom).
This is because convective heat loss is much greater than conduction in the
case of the thinner steel section. Unlike the thicker plate, the material is quickly
heated up, resulting in greater heat loss to the environment; hence the

significant influence of convection.

The plots given in Figure 3-18 show how the cooling time responds to pressure
for both material thicknesses. It is very sensitive to pressure for the thinner plate
and remained relatively unaffected by pressure for the thicker plate. This is due

to the effect of conduction and convection as already described.

It may be deduced from the previous observations that since for the same
welding parameters the process heat input did not change with pressure, and
cooling time decreases at elevated pressures, this is due to an increased heat
loss by convection as the gas becomes denser. However, material thickness

reduces the influence of convection resulting in faster cooling times as
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conduction becomes dominant. Therefore, during hyperbaric GMAW for deep
water applications, the concern should be focused upon faster weld cooling time
due to heat transfer by conduction through the thick pipeline sections, as the

contribution of pressure to reduced weld cooling time is minimal.

The fast cooling times recorded over the temperature range of 800 °C to 500 °C

is typical of low heat input welding process. Hudson ®* |3

and Eroglu et a
reported such fast cooling times over the same temperature range and
attributed it to the low welding heat input. According to Arora et al ® the cooling
rates over this temperature range are important in determining the phase
transformation behaviour leading to the evolution of final weld microstructure.
From the continuous cooling transformation (CCT) diagram of X65 pipeline steel
(see Figure 2-32), such fast cooling times will favour the formation of martensite,

and the microstructure is known to increase susceptibility to HAC.

Higher process heat input will increase weld cooling time, but as already
explained hyperbaric GMAW is limited in providing higher heat input because it
is operated at a short arc length in order to minimise process instabilities due to
elevated pressures. The main thrust of this research work is therefore to
investigate the use of a laser to provide additional heat input in order to extend
the cooling time of hyperbaric GMAW and improve the resultant mechanical

properties.
3.6.4 Macrostructure and Microstructure Examination
3.6.4.1 Macrostructure

The influence of pressure on hyperbaric GMAW is illustrated by the weld bead
profile shown in the macrographs of Figure 3-19. It is observed that the weld
penetration depth and area generally increases with pressure, although at high
pressure levels (100 and 200 bar), the bead shape did not change significantly.
Similar results were reported by Amin °; Woodward **’ and Amin et al ”. The
increased weld penetration depth may be due in part to shrinking of the arc

column. Richardson et al * also reported that the arc shrinks in order to
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minimise energy loss due to high heat extraction rate by the chamber
environment. In both cases, the resultant reduction in size of the arc column
means that the same amount of energy is being carried by a smaller arc
column. This results in a higher energy density, which concentrates the heat
distribution in the arc centre, causing more material to be melted and

consequently deeper weld penetration.

It was reported by Amin ° that the thermal conductivity of argon increases with
temperature and pressure. As a result, a wider gas jet and shallow penetration
depth should be expected at higher ambient pressure. However, studies by
Woodward **” **® have shown that the weld bead profile did not indicate much
change beyond 100 bar up to 250 bar. This phenomenon can be attributed to
arc constriction at elevated pressures, which counteracts the effect of higher

thermal conductivity.

Amin et al ’ reported that the average arc transient power increases with
pressure and suggested that the weld bead dimensions should be larger at
elevated pressure because of increased heat input and arc energy. This was
not observed in this work because as indicated in Table 3-5 the average arc
power and heat input remained relatively unchanged. They also suggested that
the arc efficiency factor is relatively low at high pressures. Contrary to this the
arc should have a higher efficiency factor at elevated pressure. This is because
for the same heat input, more material is melted at greater pressures, resulting
in higher weld penetration depth and area (Figure 3-20). The increased
penetration area from 1 — 18 bar may be due to changes in arc efficiency. It
may also be affected by set up of the hyperbaric welding system at 1 bar. The
pressure chamber was designed to operate when pressurised. Therefore

welding at 1 bar may not give consistent results as 18 — 200 bar.

Since the same power source mode was used by Amin et al ’, the different
results they obtained may be because of the method used to compute the their
momentary arc power. They obtained the momentary arc power using statistical
methods while for this study, the instantaneous arc power was determined

directly from the transient current and voltage data.
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There is little observable difference in the bead height and deposit area
because the same wire feed speed and welding speed were used, which means
that the same amount of filler metal was deposited. However, the weld width
decreases with pressure but remained relatively the same after 100 bar. Studies

conducted by Woodward *°®

showed similar results, although his work was
mainly at higher pressures. The reason for the reduction of weld width at

elevated pressure is due to the effect of arc constriction.
3.6.4.2 Microstructure

Microstructure characterisation of the welds at different pressures as shown in
Figure 3-21 to Figure 3-24 shows similar structures for the weld penetration
area and HAZ. Apart from the weld at 1 bar, which is dominated by grain
boundary ferrite structures others showed a fine distribution of ferrite
constituents in the microstructure. This may suggest that the higher energy
density at elevated pressures could be responsible for the somewhat fine

distribution of constituents of the microstructure.

The distribution of microstructure constituents in the HAZ is comparable at 18 to
200 bar pressures (see Figure 3-22 to Figure 3-24). The coarse grained HAZ
being the closest to the fusion boundary has the largest grain size. This is
because the heat input and temperature is highest in this region. This
temperature typically could be above 1000 °C and is sufficient to permit rapid
austenite grain growth. The longer time at high temperature resulted in the
formation of large grain sizes. The fine grained HAZ region is farther from the
fusion boundary and as a result it is heated to a lower peak temperature, but
above Acz However, this is insufficient to produce rapid austenite grain growth.
Hence the rather finer grain size distribution. This is followed by the intercritical
HAZ, which is heated to a temperature between Ac; and Acs resulting in only
partial transformation to austenite and substantial grain refinement. The
subcritical HAZ not shown in the microstructures is the closest region to the
parent metal and farthest from the fusion boundary. The maximum temperature
here is less than Ac; and the microstructure is similar to that of the parent metal

with possible formation of spheroidised pearlite.
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3.6.5 Hardness Test

Since there are few observable differences in the microstructure, it is difficult to
evaluate the potential effect of pressure on the weld microstructure and
consequently the mechanical strength. However, this can be estimated from the
hardness distribution, which can give an indication of the type of microstructures

present.

The weld hardness distributions as represented by the hardness distribution
shown in Figure 3-25 to Figure 3-27 indicate a gradual increase of peak
hardness with pressure. It also shows that the peak hardness occurs at the HAZ
(coarse grain HAZ) followed by the weld metal and finally the parent metal.
However, there is progressive decrease in the hardness distribution of the HAZ
from the coarse grained HAZ region towards the parent metal. This is typical of
a low heat input process as observed by Eroglu et al .

The values of the peak hardness were 361 HV, 387 HV, 393 HV and 402 HV for
the 1, 18, 100 and 200 bar welds respectively. The marginal differences in peak
hardness from 18 bar to 200 bar may be anticipated since the cooling times
indicated similar marginal differences. The weld cooling time is controlled by the
material thickness, which in this case determines the weld hardness. The high
hardness particularly of the coarse grained HAZ suggests the presence of
martensite in this region due to the relatively low process heat input and

resultant high cooling rate.

The peak hardness from the single pass welds at all pressure levels was higher
than the 350 HVyo specified by DNV-OS-F101 *? as acceptable limits to avoid
hydrogen assisted cracking of offshore structures. It is worth mentioning that the
500 g load is more effective in identifying the hard phases, as the 10 kg
hardness load specified by the standard may span over a large region because

of the larger indentations thereby averaging hardness from different phases.

The high peak hardness measurements for the pressure range investigated are

a reflection of the relatively low heat input of hyperbaric GMAW process. This
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justifies the investigation of a laser to provide additional process heat input. The
additional laser heat input significantly reduced the peak hardness of GMAW.

This is reported in Chapter five.
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3.7 Conclusion

The main conclusions drawn from the work presented in this chapter are as

follows:

e The magnitude of the current peaks and short circuiting frequency
increases with pressure giving higher fluctuations of the current and
voltage waveform particularly at high pressures. Nevertheless, the
average instantaneous power and therefore heat input remained

relatively unchanged with pressure.

e Higher ambient pressures resulted in higher weld pool cooling rates due
to higher thermal diffusivity caused by the increased gas density. For a
relatively thick steel section (=25 mm), as used for deep water offshore
pipelines, the heat input is dissipated through the material thickness by
conduction thereby limiting heat loss by convection to the chamber gas.
For thinner steel sections (5 mm) it was shown that the weld cooling rate

is much more sensitive to increases in ambient pressure.

e For similar welding parameters, the weld bead geometry did not
significantly change between 18 and 200 bar, and it is suggested that the
narrowing of the weld bead and increased penetration depth was due to

the influence of arc constriction with increased pressure.

e The hardness distribution is reflected in the thermal profile of the
processes. For the thicker steel section, the maximum was measured on
the 200 bar weld while the lowest peak hardness was observed on the 1
bar weld. However, there was not much difference with pressure from 18
to 200 bar.

e The hardness peak values are unacceptable by standards. Therefore to
reduce the peak hardness levels in hyperbaric Gas Metal Arc Welding,
there is a need to provide additional heat input. This will reduce

susceptibility to hydrogen assisted cracking.
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4 Process Characteristics of Traditional and
Controlled Dip Transfer GMAW at One Atmosphere

Scope

Hyperbaric GMAW is performed at a very short arc length of the order 1 mm to
3 mm to ensure process stability. This involves welding in traditional short circuit
or dip molten metal transfer mode that is characterised by low heat input
because the arc momentarily extinguishes during short circuiting. Also, arc re-
ignition occurs under high power output resulting in spatter generation that may
affect weld quality.

GMAW short circuit processes were improved significantly during the past few
years. Today a number of “energy reduced” short arc processes are available.
These include: Cold Metal Transfer (CMT), ColdArc, ColdMIG, Surface Tension
Transfer (STT) etc., and have primarily been developed to reduce the heat

input for welding of thin sheets and improved control of the weld pool.

In this chapter, the process characteristics of short circuit GMAW is compared
with some advanced GMAW power sources such as CMT and ColdArc. These
processes were designed to ensure controlled dip molten metal droplet transfer,
and reduce associated process instabilities and weld spatter. The aim is to
establish whether the controlled processes can be used as alternatives to short
circuit GMAW for hyperbaric welding operation. The heat input, current and
voltage waveforms, thermal cycles and weld bead profiles are compared.

Finally, the results and discussion are presented.
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4.1 Aim and Objectives

The study presented in this chapter is aimed at establishing whether the Cold
Metal Transfer (CMT) and ColdArc GMAW conditionscan be used as
alternatives to traditional GMAW for hyperbaric welding. To achieve this, the
process characteristics of dip transfer GMAW will be compared with that of CMT
and ColdArc.

The main objectives are to compare the transient behaviour of welding current
and arc voltage, heat inputs and cooling times, and the weld bead profiles of the
different welding process variants.
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4.2 Materials and Equipment

In this section the materials used for the experimental trials, which include:
pipeline steel and welding consumables are presented. The equipment used for
the welding trials, weld instrumentation, and macrostructure examination are

also presented.
4.2.1 Materials
4.2.1.1 Steels

The same X65 pipeline steel with chemical composition given in Table 3-1 of

chapter 3 was used for this experiment.
4.2.1.2 Welding Wire

The welding wire used was G4Sil with a nominal diameter of 1.0 mm. This wire
was used for all the remaining experiments presented in this thesis. Therefore,
reference will be made to it in subsequent chapters. The as-deposited chemical

composition is given in Table 4-1.

Table 4-1: Chemical composition of G4Sil welding wire

Material Chemical analysis in wt. %
C Mn Cr Ni Cu \% Al Mo Si S P B Nb Ti
Filler wire [0.06| 1.64 | 0.20 | 0.02 | 0.02 - - 0.02 | 0.94 - 0.013 0.013
G4Sil
(g1.0mm)

4.2.1.3 Shielding Gas

Argonshield Heavy (18% carbon dioxide and 2% oxygen in argon) was used as

shielding gas for this and the remaining experiments described in this thesis.
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4.2.2 Equipment

The equipment used for the experimental trials is presented in this section. This
includes three welding power sources, a Fronius TPS 5000 CMT, an EWM
Alpha Q 552 RC Puls (ColdArc) and an ESAB LUD 450, as well as an ABB
Robot. Additionally, weld instrumentation and metallurgical characterisation

equipment was also employed.
4.2.2.1 Fronius TPS CMT Power Source

The Fronius TransPuls Synergic 5000 Cold Metal Transfer (CMT) with an
output of 500 A is a MIG/MAG power source for short circuiting, spray and
pulsed arcs. It is a completely digitised and microprocessor-controlled machine
that is intended for automated and robot-assisted applications. The process is
based on a dip-transfer 2. The most striking features that distinguish it from
traditional short circuiting process are that the wire motion is integrated into the
process control, with reduced thermal input and spatter free metal transfer.
During short circuiting, the digital process control cuts off the power supply and
controls the wire retraction. This forward and backward movement occurs at a
frequency of 70 Hz, and the wire retraction aids molten metal droplet
detachment during short circuiting.

The machine has a robot interface that is suitable for all conventional robots
whether digital or analogue. An incorporated full-text display remote control unit
called RCU 5000i monitors weld data with the Q- Master function ?. The RCU
has a unique menu structure with an easy to follow user guide. A water-cooled
FK 4000 R cooling unit ensures optimum cooling of the welding robot torch.
Smooth wire feed is ensured by the digitally controlled VR 7000 CMT and a
digitally controlled dynamic AC servo motor guarantees precision wire feed in
both directions 2%, The other feature that distinguishes the unit from that of
conventional GMAW is that it has two separate wire drives (front and rear) that
are separated by a wire buffer. A photograph of the CMT welding machine and

its schematic set up with a robot are shown in Figure 4-1 and 4-2.
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Figure 4-1: The Fronius TPS 5000 CMT power source
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Figure 4-2: Schematic illustration of CMT power source with arobo
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4.2.2.2 EWM Alpha Q 552 RC Puls Power Source

The Alpha Q 552 RC Puls shown in Figure 4-3 is a multipurpose welding
machine with six processes: ColdArc, ForceArc, MIG/MAG pulse and standard,
TIG (Liftarc) and MMA. It is a unique second generation digital system that is
easy to integrate into automated systems and has an extended duty cycle (40-
100%) with top performance up to 550 A welding current *®. The machine is
optimised for automatic and mechanised applications and is set up with
PC300.NET software via PC or RC 300. Welding parameters are adjustable
through an interface called “alpha RC2”. The system is gas-cooled with optional

water cooling unit 2,

The machine was operated in the ColdArc mode which is a controlled short
circuit low heat input process. Unlike the CMT, there is no mechanical
intervention in the wire feed as the process flow is controlled electronically (e.g.
control of the current surge during short circuiting). As a result, the ColdArc can
be operated manually with standard welding torches. A digital signal processor
cuts-off power from the arc at the onset of short circuiting, and the arc is re-
ignited as soon as droplet transfer happens (the power cut-off takes place in a
time period less than 1 us) *°. This ensures gradual arc re-ignition and a low
energy process. A schematic illustration of the machine set-up with a robot is
given in Figure 4-4.
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Figure 4-3: The EWM Alpha Q 552 RC Puls power source
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Figure 4-4: Set up of the Alpha Q power source with robot *
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4.2.2.3 ESAB LUD 450 Power Source

The LUD 450 is a transistorised welding rectifier system designed for MMA,
MIG/MAG (semi-automatic), TIG welding and arc gouging that is operated with
a controller and wire feed unit (Figure 4-5) *". It has a MIG/MAG setting range of
15 A/A5V (8 V) — 320 A/30 V and a 100 % duty cycle at 270 A/30, 8 V and 60
% duty cycle at 320 A/ 32, 8V ¥’ .

It is fitted with a thermal cut-out to prevent overheating and the welding rectifiers
are fan cooled. There is automatic reset of the cut-out once the welding rectifier

has cooled down.

Controller

Figure 4-5: ESAB LUD 450 power source
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4.2.2.4 ABB Welding Robot

The ABB robot is a six axes robot for arc welding. It consists of four main
components: robot (IRB 1400) with wire feed system, control system consisting
of the control cabinet (upper section) and power source (lower section),
manipulator (with fixture for the work piece) and operator's panel. The
measurement system in the robot is absolute, which means that the robot does
not need to be synchronised if the mains supply has been disconnected for

some time. The welding robot system is shown in Figure 4-6.

Figure 4-6: The ABB welding robot and controller

4.2.2.5 Weld Instrumentation

Refer to section 3.2.2.4 of chapter 3 for the instruments used for weld
instrumentation, monitoring welding current, arc voltage and wire feed speed ,

and generating weld thermal cycles.
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4.2.2.6 Characterisation

The instruments used for the metallurgical and mechanical characterisations

are the same as those in section 3.2.2.5 of chapter 3.
4.3 Experimental Method

4.3.1 Welding Trials

A total of eighteen instrumented bead-on-pipe welds were made on the X65
pipeline steel. The ESAB LUD 450 machine was used to perform six welds,
which represents the traditional short circuit GMAW. In order to initiate short
circuit or dip molten metal transfer, a constant contact tip to work distance
(CTWD) of 10 mm was used. The Fronius TPS CMT power source was used to
perform another set of six welds on the same material, while the remaining six
welds were made with the Alpha Q 552 machine in the ColdArc mode. For all
the three processes, the welding torch was mounted on the ABB welding robot
before welding. The robot was calibrated before it was used to set the welding
speed. The same welding parameters were investigated for each of the
process. Wire feed speeds (WFS) used were 3 m/min to 8 m/min at a constant
welding speed of 0.42 m/min. In order to ensure consistency, the same CTWD
of 10 mm was used for the ColdArc and CMT processes. Weld pool thermal
cycles were generated using R-type thermocouples that were dipped inside the
weld pool (Harpoon technique) during welding **°.
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Figure 4-7: A completed weld showing the thermocouple inside the weld metal
4.3.2 Measurement of Heat Input and Cooling Time

A ScopeCorder was used for real time measurement of instantaneous welding
current and arc voltage, which were used to calculate the weld heat input
according to equation (3-1). The weld cooling time from 800 °C to 500 °C was

calculated from the temperature-time data.
4.3.3 Macrostructure Examination

The weld joints were sectioned, ground and polished according to standard
metallographic procedures as described in section 3.2.2.5.1 of chapter 3 to
show the geometry of the weld metal and HAZ. The polished samples were
then etched with 2% nital solution before macrographs were taken using an
optical microscope to show the weld bead profile.
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4.4 Experimental Error

The main experimental error of this research may have resulted from the
determination of the weld thermal cycles. This is because the dipping of the
thermocouples inside the weld pool may not have been repeatable since it was
not likely that the thermocouples were dipped at the same position for all the
welds. The implication is that the peak temperature may not be exactly the
same for all the welds and this may introduce some errors in the measurement
of the weld pool cooling time. To minimise the likelihood of this error, the
thermocouples were placed in the centre of the weld pool as this gave similar

peak temperatures.

Another likely source of error may be from the wire feed speed of the welding
processes. It was discovered that the set wire feed speed was not always the
same as the actual value during welding. This was particularly noticeable for the
CMT and ColdArc processes, and it has to do with the processes mechanisms.
It is possible that errors could be introduced as a result of variable wire feed
speeds from the set values. These errors could not be avoided because the
average wire feed speed was always marginally different from the set value.

Therefore, for consistency the set wire feed speed was used.
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45 Results

The interpretation of the experimental results is presented in this section. This is

followed by their discussion in the subsequent section.
4.5.1 Current and Voltage Waveforms

Transient relationship of the welding current, arc voltage and power for the
traditional short circuit GMAW, CMT and ColdArc over a time interval of 0.05 s
are given in Figure 4-8 to 4-13. These were for welds made with 3 m/min and 8
m/min WFS. The complete waveform of all the welds is shown in Figure B-1 to
B-6 in Appendix B.

The waveform shapes obtained from the welding processes indicate significant
variations for the same welding parameter. The variations can be seen for the
peak current, background current, voltage and power. It has also been
observed that at low WFS (Figure B-1 to B-6 in the Appendix) the waveform
behaviours are regular and reasonably predictive while they become
increasingly irregular from 5 m/min to 8 m/min WFS. The difference in the

process behaviour is indicative of the control mechanisms.

The transient behaviour of welding current, arc voltage and power for the short
circuit transfer GMAW (Figure 4-8 and 4-9) shows that the welding current rises
rapidly as the wire touches the melt pool or short circuits to a peak value, which
Goecke *° referred to as short circuit current. At the short circuit current, the
voltage drops to zero and rises rapidly after the short circuit is broken to re-
ignite the arc. The power is shown to also drop close to zero at the point of
short circuit. After the short circuit breaks and the molten metal detachment take
place, there is a spike in the power before the cycle is repeated.

The transient behaviour of the ColdArc process as shown in Figure 4-9
suggests that it is a pulsed process that is quite regular at low WFS and
becomes increasingly unstable at high WFS. As can be observed there is an
arcing phase and a short circuit phase. The former is indicated by a high current

pulse during arc ignition while the latter is shown by the voltage drop after the
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peak current. There is also a low background current after arc re-ignition to

minimise further wire melting *°.

Three phases can be identified in the CMT waveforms shown in Figure 4-10
and 4-11: the peak current phase, background current phase and short
circuiting phase. The same observation was made by Zhang et al *°®. However,
the waveform pattern changes at high WFS (Figure 4-13), and the process
tends to exhibit a combined pulse and short circuit behaviour, but with

significantly reduced short circuit frequency.
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Figure 4-8: Transient relationship of current, voltage and power for short circuit
GMAW with 3 m/min WFS
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Figure 4-9: Transient relationship of current, voltage and power for ColdArc weld
with 3 m/min WFS
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Figure 4-10: Transient relationship of current, voltage and power for CMT weld
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Figure 4-13: Transient relationship of current, voltage and power for CMT weld
with 8 m/min WFS

4.5.2 Thermal Cycles, Heat Input and Weld bead profile

Figure 4-14 to 4-16 show the weld pool thermal cycles measured with the
“harpooned” R-type thermocouples. The thermal cycles indicate little observable
differences in cooling rate between the ColdArc and short circuit GMAW while
that of the CMT is shown to cool faster than the two. This means that there is
not much difference in the heat input of the ColdArc and short circuit GMAW for
the same WFS while that of CMT is relatively lower under the same conditions

as shown in Figure 4-17.

The heat inputs of the processes were shown to be the same at low wire feed
speed of 3 m/min but from 4 m/min to 8 m/min that of the short circuit GMAW
and ColdArc becomes relatively higher than the CMT. There was no significant
difference of the heat input values between the ColdArc and short circuit
GMAW.

The weld pool cooling times between 800 °C and 500 °C (tgs) are shown in
Figure 4-18, and Figure 4-19 to 4-21 are the weld macrographs and weld bead
profiles respectively. These are a reflection of the process heat input and
cooling times. It can be seen that the CMT welds has shorter cooling times than
the other two processes. The weld bead profile represented in Figure 4-21
shows that the CMT weld penetration depth is the lowest while there is little

difference between those of the short circuit GMAW and ColdArc for similar
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welding conditions. But the reinforcement area and weld width remained
essentially unchanged for the three processes under the same welding
conditions. It can also be seen from the figure that bead height, penetration

depth, penetration area, deposit area and weld width all increase with wire feed
speed for each process.
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Figure 4-14: Weld thermal cycles for (left) 3 m/min and (right) 4 m/min WFS
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Figure 4-15: Weld thermal cycles for (left) 5 m/min and (right) 6 m/min WFS
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Figure 4-16: Weld thermal cycles for (left) 7 m/min and (right) 8 m/min WFS
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Figure 4-18: Relationship between WFS and cooling time for the three processes

ColdArc

Figure 4-19: Macrographs showing the welds with (top) 5 m/min WFS and
(bottom) 6 m/min WFS
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ColdArc

Figure 4-20: Macrographs showing the welds with (top) 7 m/min WFS and
(bottom) 8 m/min WFS
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Figure 4-21: Weld bead profile of the three processes
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4.6 Discussion of Results

A critical analysis and interpretation of the results is presented in this section.

This will compare the research findings with previous studies where available.
4.6.1 Current and Voltage Waveforms

The variation of the current and voltage waveforms of the three processes as
shown in Figure 4-8 to 4-13 is because of the different mechanisms by which
short circuit or dip molten metal transfer occurs. The traditional short circuit
GMAW is not a controlled process. As a result, molten metal droplet transfer
and arc re-ignition is associated with process instabilities and spatter
generation. The equipment manufacturers of the other two processes claim that
they were designed to minimise these instabilities by controlling the detachment
of the molten metal droplet through power source manipulation.

Goecke *°and Pepe %

observed that during traditional dip transfer GMAW, the
welding wire touches the molten weld pool, momentarily extinguishing the arc.
At the initiation of short circuit, the arc voltage drops rapidly to zero due to the
low electrical resistance of the arc caused by the liquid bridge. Simultaneously,
the welding current rises quickly to the short circuit current. The combined
effects of electromagnetic pinch force and surface tension helps in molten metal
droplet detachment thereby breaking the short circuit *°*. As soon as the liquid
bridge breaks, the voltage rises quickly in order to re-establish the arc.
According to Goecke *°, the arc re-ignition occurs with a high electrical power
output, giving rise to significant spatter level or process instability. Rose **? and
Cramer and Dudziak % reported that during conventional short circuit GMAW
the power input at the moment of short circuiting break-up is significantly high.
This could cause the molten metal droplets to evaporate and be thrown out of

the arc as spatter.

The above observations were also made for the short circuit GMAW process as
shown in Figure 4-8. Furthermore, the process becomes increasingly unstable

as the WFS increases (Figure 4-11 and Appendix B). Hermans and Ouden *°
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suggested that the short circuiting frequency increases with WFS. At lower WFS
the frequency of the oscillating surface of the weld pool is greater than the short
circuiting frequency and as a result the growing liquid column at the end of the
wire is not making frequent contacts with the weld pool surface. But at higher
WES, they reported the reverse to be the case, and therefore more frequent
short circuiting. This may be an indication of increasing instability as it was
observed that spatter generation increased with WFS and the highest level was

observed for the 8 m/min WFS weld.

Goecke *° reported that the transient behaviour of the voltage of the ColdArc
process is similar to that of the traditional short circuit GMAW as it drops to a
minimum value corresponding to the peak current during the induced short
circuit phase. But unlike the traditional short circuit GMAW, the process is highly
dynamically regulated by a digital signal processor, which results in arc re-
ignition occurring at a low power *°. According to Goecke *°, a digital signal
processor in the power source cuts-off power from the arc just before arc re-
ignition in a time period of 1us. However, these features are only discernible at
low WFS (3 m/min to 4 m/min). The ColdArc process was relatively more stable
at low WFS for the given material and welding parameters investigated. At
relatively higher WFS (5 m/min to 8 m/min) it becomes very unstable, and was
observed to even generate more spatter than the short circuit GMAW. This may
be because the process is designed for welding and brazing of very thin metal
sheets used in the automobile industry. Goecke *° reported brazing of 0.8 mm
thick zinc-plated steel using the ColdArc with a current of 50 A and a voltage of
13.5 V. This suggests that the ColdArc process is optimised for low WFS and
consequently low heat input application. Effectively, the ColdArc becomes a

globular or spray transfer process at higher WFS.

The three phases of the CMT waveform as shown in Figure 4-10 are the peak
current or arcing, short circuit and background current. The peak current phase
or arcing phase shows a pulse of high current that corresponds to a constant
arc voltage. The high current helps to ignite the welding arc and melt the

welding wire through resistance heating to form a molten droplet '%. In the
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background current phase, the current is dropped to a lower value to prevent
the molten droplet from growing thereby inhibiting globular transfer. This is kept
constant until short circuit occurs. In the short circuit phase, the wire touches
the weld pool and the arc voltage drops to zero, causing the arc to momentarily
extinguish. Unlike in traditional short circuiting where electromagnetic pinch

force and surface tension breaks the short circuit 1%

, the wire is mechanically
retracted from the weld pool. This drawback force aids the molten droplet
detachment and as a result, the welding arc re-igniting occurs at low electrical

power to restart the cycle again.

Unlike the ColdArc process, CMT showed more clearly defined and regular
short circuiting when the arc voltage drops to zero particularly at relatively low
WFS (3 m/min to 5 m/min) as shown in Figure 4-10. The voltage drop
corresponds to low background current, which results in significantly reduced
short circuit current and spatter generation. But as the WFS increases it also
becomes less stable as shown in Figure 4-13 with observed spatter generation.
Nevertheless, the spatter levels were minimised even at high WFS when
compared with the other two processes. This is because of the mechanical
intervention in the wire feed. The wire retraction as short circuit is detected
considerably reduces spatter that is usually associated with traditional short
circuit GMAW. The increasingly random behaviour of CMT at high WFS could
be because the frequency of wire feeding may be higher than 70 Hz, which is
the frequency of the forward and backward movement of the wire. This means
that the process benefit may be limited to low WFS. It is worth noting that CMT
was designed for low heat input application, which may explain why it is more
stable at low WFS.

4.6.2 Thermal Cycles, Heat Input and Weld bead profile

The thermal cycles of the weld metal shown in Figure 4-14 to 4-16 indicate that
the CMT process cools faster than short circuit transfer GMAW and ColdArc
processes as WFS increases. This is because the process heat input is the
lowest as shown in Figure 4-17. The reduced heat input may be due to the low
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average current of CMT relative to the other processes. On the other hand, the
thermal input of the ColdArc is slightly lower than that of the conventional short
circuit GMAW, which suggest that there is not much difference between the
process behaviours for the range of welding parameters investigated. It is
suggested that the similar heat input of the three processes at 3 m/min WFS,
could be because at low WFS the process energy inputs are comparable.

Apart from reduction of weld spatter, another notable difference between CMT
and short circuit GMAW is reduction in thermal input since there is virtually
current-free molten metal droplet detachment. Hasselberg ° reported that there
is brief heat input by the arc during the arcing phase, which is reduced
immediately the arc is extinguished during short circuiting, resulting in an
alternating hot/cold weld pool. He also showed graphically that the thermal input

of the CMT arc is lower than that of conventional short circuit GMAW.

The weld pool cooling times computed over the temperature range of 800 °C
and 500 °C as shown in Figure 4-18 is a reflection of the overall low thermal
inputs of the processes for the range of parameters investigated. The cooling
times are relatively fast (the longest cooling time is about 3.5 s for the short
circuit GMAW at 8 m/min WFS) and from the CCT curve of X65 pipeline steel
(Figure 2-32), such fast cooling times will likely lead to the formation of

martensitic microstructure.

The weld bead profile as shown in the macrograph (Figure 4-19 and 4-20) and
Figure 4-21 signifies that the weld penetration profile of CMT is different from
the other two processes in terms of shape and penetration depth. Pepe %
reported similar weld bead shapes for CMT welds. The low penetration depth is
a further indication of the low thermal input of CMT. Conversely, the weld bead
profile of short circuit GMAW and ColdArc were quite similar for all WFS due to
very close heat input values. Although the transient relationship of welding
current and arc voltage showed a random behaviour with increasing WFS, it did
not affect the weld bead profile. This further supports the suggestions by Nixon

| 93 | 117

et al ™ and Richardson et a that a welding process could be stable even

though there is randomness in the electrical characteristics.
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It can be established from the foregoing discussion that the overall heat input of
short circuit GMAW and that of CMT and ColdArc are relatively low on account
of the short circuit mode of metal transfer. Since hyperbaric GMAW is operated
in short circuit mode, there is the need for additional heat input to extend the
weld cooling time and reduce susceptibility to hydrogen assisted cracking.
Based on the findings of this experiment it might be possible to use these
processes under hyperbaric conditions with modification to the power source
control circuit. Both were shown to produce welds without defects even though
the process behaviour was different. However, if the choice is to be based on
the level of spatter generated, CMT could be the ideal substitute for short circuit
GMAW because it produced the lowest spatter levels even at high WFS.
Nevertheless, it is necessary to investigate these processes further under high

pressure conditions to make an informed decision.

The subsequent chapter will focus on the investigation of a laser as an

additional heat source to CMT welding.
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4.7 Conclusion

The following conclusions can be made from this experiment:

+ At one atmosphere the short circuit GMAW and ColdArc produced
almost the same heat input and identical weld beads, which were
different from that of CMT

« The overall heat input of the processes over the range of parameters
investigated is relatively low, which is indicative of short circuit transfer
GMAW. The weld pool cooling time (tgs) and weld bead profile are a
reflection of this.

» The electrical characteristics of the three processes showed that welding
current and arc voltage waveform were more stable at low wire feed
speed. But as wire feed speed increases the behaviour becomes more
random. However, this did not affect the quality of the welds produced.

+ Based on the experimental findings, either the CMT or ColdArc can be
used as alternatives to short circuit GMAW because both produced
defect free welds. But in terms of weld spatter levels, CMT will be the
obvious choice since it produced the lowest spatter. However, it is
necessary to investigate these processes further under high pressure

conditions.
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5 Laser Assisted GMAW (CMT) Trials at One

Atmosphere

Scope

The low heat input of hyperbaric GMAW, coupled with the potential presence of
water vapour inside the chamber environment and restraint imposed on the
solidifying weld pool by the thick pipeline sections are conditions that will favour
hydrogen assisted cracking. Also, the surrounding cold sea water at a
temperature of about 4 °C renders pre-heating almost ineffective as it acts as a
heat sink. These exacerbate the problem of low heat input and high cooling rate
of hyperbaric GMAW. Also spatter generation is a concern as already

mentioned in previous chapters.

This chapter investigates the use of a laser in conduction mode to provide
additional heating to the GMAW process. The laser is expected to modify the
weld pool thermal cycle thereby extending the cooling and solidification time
such that dissolved weld hydrogen will have enough time to diffuse out before
the weld solidifies. Also, a controlled dip transfer GMAW power source (CMT)
was used to minimise weld spatter generation. Several single bead-on-pipe

welds were performed on the test specimen.

The weld pool thermal cycles and resulting cooling times were determined by
embedding thermocouples in the pipeline steel section. Microstructure analysis
and micro hardness tests were performed to understand the metallurgical phase
formation and hardness profiles respectively. An experimental error analysis is

discussed, followed by the presentation and discussion of results.
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5.1 Aim and Objectives

The experiments presented in this chapter are the main theme of this thesis.
The aim is to investigate the laser assisted GMAW (CMT) process that will
provide additional heat input to reduce hydrogen assisted cracking tendency
and lower weld spatter in hyperbaric welding operations. The presented work
was carried out to optimize the laser parameters at one atmosphere. The

optimised parameters should be further evaluated under hyperbaric conditions.

The key objective is to evaluate the use of a laser in conduction mode to control
weld thermal cycle in GMAW (CMT) process, and to assess the improvements

offered.
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5.2 Materials and Equipment

The materials used for the experimental trials, which include: pipeline steel and
welding consumables are presented. The equipment used for the welding trials,
weld instrumentation, metallurgical characterisation and mechanical tests are

also presented.
5.2.1 Materials
5.2.1.1 Steels

The same X65 pipeline steel with chemical composition given in Table 3-1 of

chapter 3 was used for these experiments.
5.2.1.2 Welding Wire

The G4Silwelding wire with chemical composition given in Table 4-1 of chapter
4 was also used for this experimental trial.

5.2.1.3 Shielding Gas
Refer to section 4.2.1.3 of chapter 4 for the shielding gas used in this study.
5.2.2 Equipment

The equipment used for the experimental trials is presented in this section.
These include the Fronius TPS 5000 CMT welding power source described in
chapter 4, Fanuc M-710iB 45 Robot and IPG YLR-8000 Fibre Laser. The other
equipment was for weld instrumentation, metallurgical characterisation and

mechanical testing.
5.2.2.1 Fanuc M710iB 45 Robot

The Fanuc M 710iB 45 is a six axes robot designed for manufacturing and
systems processes 2!, This model is electric servo-driven with a 45 kg payload
capacity *?*. The robot features includes: H-Reach 1706 mm, repeatability -

4+0.07 mm and mass of 600 kg ***. An additional one axis purpose built
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translation stage was incorporated, making it a seven axis welding system. The
translation stage moves in the negative and positive x-axis and is used for

positioning of the work piece.

The complete robot system has a Fanuc RJ3iB controller and a pendant with

touch screen option. Figure 5-1 shows the complete welding robot system.
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Figure 5-1: Photograph of the complete Fanuc welding robot system showing the
robot, controller and pendant

5.2.2.2 IPG YLR-8000 Fibre Laser

The IPG YLR-8000 laser system shown in Figure 5-2 is a diode-pumped
continuous wave (CW) ytterbium fibre laser of near infrared spectral range. This
is a high power fibre laser with a maximum output of 8 kW and emission
wavelength of 1.070 um . It has a unique combination of high power, beam
with quality fibre delivery. The configuration includes a compact water cooling

unit.

The laser is produced from an active optical fiore and semiconductor diode,

representing a fusion of the two most innovative and advanced laser technology
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% The active fibre is pumped using a single emitter semiconductor diode as the
light source. The fibre is doped with rare earth ions, allowing for very bright light

from a very small core °.

Figure 5-2: Photograph of the laser system

5.2.2.3 Weld Instrumentation

Refer to section 3.2.2.4 of chapter 3 for the instruments used for weld
instrumentation, measurement of welding current, arc voltage and wire feed

speed , and generation of weld thermal cycles.
5.2.2.4 Characterisation

The instruments used for the metallurgical and mechanical characterisations

are the same as those in section 3.2.2.5 of chapter 3.
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5.3 Experimental Method

5.3.1 Welding Trials with Constant CMT Parameters

Fifty instrumented bead-on-pipe welds were made on (165 x 60 x 25) mm
sections of X65 pipeline steel using the 8 kW ytterbium fibre laser and the
GMAW (Fronius TPS CMT) power source. The laser beam was transmitted
from the source to the laser head through a 300 micron diameter optical fibre
and used in a defocused condition on the test piece. The laser head was
mounted on the Fanuc robot head manipulator, and the focal length of the
focusing lens was 500 mm. The CMT torch was fixed at an angle of 78.5° to the
horizontal while the laser head was positioned at 66° as shown in Figure 5-3
and 5-4. The work piece was clamped on a jig that was fixed to the translation
stage. The separation distance between both heat sources, referred to here as
process distance was measured by allowing the tip of the filler wire to just touch
the edge of guide laser beam (Figure 5-4). This position was denoted as the
zero process distance and subsequent distances were measured by moving the
laser beam away from the wire tip at measured incremental values. The laser
parameters: beam diameter and power, and the process distance were varied.
Wire feed speed and welding speed were kept constant at 5 m/min and 0.42
m/min respectively. Argoshield heavy shielding gas was fed through the CMT
torch at a flow rate of 15 I/min and a CTWD of 15 mm was used. The complete

experimental matrix is given in Table B-3 of Appendix B.

The experimental programme was designed to establish the laser process
parameter range that will bring about optimal reduction of the weld metal

cooling rate without compromising weld quality.
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Figure 5-3: Experimental set-up of laser assisted CMT process
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Figure 5-4: Schematic illustration of experimental set up
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5.3.2 Welding Trials with Variable CMT Parameters

The same experimental set-up and welding conditions were used for this trial
but the laser parameters were kept constant while the CMT wire feed speed
was varied from 5 m/min to 8 m/min in order to investigate the effect of
increasing wire feed speed on the weld cooling time. Four instrumented bead-
on-pipe welds were made and the experimental data is given in Table B-4 of
Appendix B. The laser parameters used were 3 kW laser power, 20 mm beam

diameter and 20 mm process distance.
5.3.3 Welding Trials with Elliptical Laser Beam

The laser beam produced with the setup shown in Figure 5-4 was fairly circular
in shape. For this trial the laser head was inclined at an angle of 30° to give a
more elliptical shaped beam. This was used to investigate the effect of beam
shape on the weld cooling time.

After establishing the optimised laser parameters with the previous setup, four
welds were made using the elliptical beam. Two welds were made with 6 kW
laser power and 20 mm laser spot size at 20 mm and 0 mm process distances,
while the other two were made with the same parameters, but only changing the
laser power to 3 kW. Apart from the beam shape, the setup is essentially the

same as the previous one.
5.3.4 Generation of Weld Thermal Cycle

R-type thermocouples were embedded in the test piece similar to Figure 3-10
(left) in chapter 3. The weld thermal cycles were produced from the

thermocouple data generated with the Scopecorder 750.
5.3.5 Measurement of Heat Input and Cooling Time

The ScopeCorder was also used for real time measurement of instantaneous

welding current and arc voltage, which were used to calculate the weld heat
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input according to equations (3-1). The weld cooling time from 800 °C to 500 °C

was derived directly from the time-temperature data.
5.3.6 Metallurgical Characterisation

Refer to section 3.2.2.5.1 of chapter 3 for the macrostructure and microstructure

examination.
5.3.7 Hardness Test

The hardness test was performed as described in section 3.2.2.5.2 of chapter 3

using the micro hardness equipment shown in Figure 3-6.

162



5.4 Experimental Error

The experimental errors and analysis described in section 3.4 of chapter 3 were
also applicable here. In addition, the method of determining the process

distance could be another source of errors in this experiment.

The process distance was measured by bringing the tip of the welding wire to
touch the edge of the guide laser. This position was denoted as 0 mm process
distance. The laser head was subsequently moved away at incremental values
of 5 mm to measure other process distances. There is a possibility of errors
being introduced because the edge of the guide laser is a bit blurred and
therefore, the wire tip may not repetitively be positioned at the edge of the guide

laser.

In order to minimise this error, the light was turned off in the welding bay before
the wire tip was positioned at the edge of the guide laser. The measurement
was then made with a flash light. The reason for this was because the outline of
the guide laser was much clearer in the dark and therefore a more accurate

positioning of the wire tip at the edge of the guide laser was possible.
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5.5 Results

This section presents the experimental results and their interpretation. The

discussion of the results is given in the following section.
5.5.1 Weld Thermal Cycles

A plot comparing the time-temperature relationship of a CMT weld with that of
an equivalent laser assisted CMT weld of the same wire feed speed of 5 m/min
is shown in Figure 5-5. This clearly depicts how the CMT weld thermal cycle is
modified by the addition of a laser, resulting in the extension of weld cooling
time. The position of both heat sources relative to each other (process distance)
is shown in Figure 5-6 to significantly change the shape of the laser assisted

CMT welds thermal cycles.

The weld thermal cycles with different CMT wire feed speed and constant laser
parameters of 3 kW laser power, 20 mm beam diameter and 10 mm process
distance is given in Figure 5-7. It can be seen that as the wire feed speed

increases the weld cooling time also increases due to higher heat inputs.

Figure 5-8 and 5-9 compare the weld thermal cycles of a circular laser beam
with that of an elliptical laser beam under the same welding conditions. The
plots suggest that there is little difference between the weld cooling behaviour

for both beam shapes especially at 0 mm process distance.
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Figure 5-5: The thermal cycle of CMT with an equivalent laser assisted CMT weld
of 6 kW laser power, 20 mm beam diameter and 0 mm process distance
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Figure 5-6: Effect of process distance on the thermal cycles of welds made with
20 mm laser beam diameter and 6 kW laser power
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Figure 5-7: Thermal cycles of welds with 3 kW laser power, 20 mm beam
diameter, 10 mm process distance and varying wire feed speeds
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Figure 5-8: Thermal cycles of different beam shapes (left) 6 kW and (right) 3 kW
laser power with the same 20 mm beam diameter, and 20 mm process distance
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Figure 5-9: Thermal cycles of different beam shapes (left) 6 kW and (right) 3 kW
laser power with the same 20 mm beam diameter, and 0 mm process distance
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5.5.2 Effect of Laser Parameters on Weld Cooling Time and Time at

High Temperature for Constant CMT Parameters

Figure 5-10 gives an indication of the influence of beam diameter and process
distance on the weld cooling time between 800°C and 500 °C. It can be seen
that the larger beam diameter favours prolonged weld cooling time and

consequently slower cooling rate. Suder et al ***

reported that bigger beam size
gives longer interaction time and therefore higher specific point energy
according to equations (5-1) and (5-2). Therefore, the 20 mm beam diameter
produced the longest cooling time for the three beam sizes investigated. It can
also be observed from the figure that changes in the process distance showed a
gradual increase in cooling time as the heat sources are brought close together.

The Specific point energy, E, _2P (5-1)
v

And the interaction time, t, _2r (5-2)
v

where P, r and v are laser power, beam radius and welding speed respectively.

A relationship between weld cooling time and specific point energy is given in
Figure 5-11. This indicates an increase in cooling time with specific point energy
because of longer interaction time. However, this effect is more pronounced at 6
kW laser power. Figure 5-12 is a plot of laser power against cooling time, which
indicates that increasing the laser power provides more energy that extends the

weld cooling time.

The addition of a laser to the arc process extends the weld cooling time as
shown in Figure 5-6 and also prolongs the total weld residence time at a high
temperature. This is evident in Figure 5-13, which shows that the residence time
over 300 °C increases with the process distances.
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Figure 5-13: Relationship between process distance and total residence time
over 300°C for welds with 6 kW power and 20 mm beam diameter

A 3-D response surface and contour plot presented in Figure 5-14 gives the
relationship between the laser parameters and weld cooling time. It is shown
that increasing laser power and beam diameter favours longer cooling time.
However, the effect of laser power is more pronounced than beam diameter.
Also, the interaction between the parameters is very clear in establishing the
longest cooling time of 4.37 s given by (6 kW laser power and 20 mm beam
diameter), and the shortest cooling time of 1.79 s given by (1 kW laser power

and 10 mm beam diameter).
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However, because of the marginal changes in cooling time with process
distance (Figure 5-10), the model considered the effect of process distance as

not statistically significant hence its interaction with other parameters was not

established.
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Figure 5-14: A response surface and contour plot showing the effect of laser
power and beam diameter interaction on cooling time at 10 mm process distance
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5.5.3 Effect of Wire Feed Speed on Weld Cooling Time for Constant

Laser Parameters

A relationship between weld cooling time and wire feed speed for constant laser
parameters and process distance is given in Figure 5-15. This shows that
increasing the wire feed speed to welding speed ratio leads to longer weld
cooling time. This is because for the GMAW (CMT) process, wire feed speed is
integrated in the process. As a result higher wire feed rate will result in higher
heat input to melt the additional wire. Higher wire feed speed to travel speed

ratio means more wire deposition per unit length.

Cooling time tg/5 (s)
N W B U D | co w

10 12 14 16 18 20
WFS/TS

Figure 5-15: Effect of wire feed speed to travel speed ratio on the cooling time for
laser assisted CMT welds with constant laser parameters

5.5.4 Metallurgical Characterisation
5.5.4.1 Macrostructure Examination and Weld Quality

The macrostructure of laser assisted CMT welds with 20 mm process distance
is compared with that of a CMT weld of the same wire feed speed of 5 m/min as
shown in Figure 5-16. There were no observed defects in the laser assisted
CMT welds. Similar macrographs comparing CMT welds of variable wire feed
speed with the equivalent laser assisted ones are given in Figure 5-18 and

Figure 5-18. As can be observed in Figure 5-16 the laser did not influence weld
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penetration depth. Nevertheless, the laser assisted weld has a reduced bead
height and smooth transition between the weld toe and pipe material. The laser
serves as post weld heating, reheating and elongating the weld bead and

extending the cooling time.

The laser influence on the CMT weld bead shape depends considerably on the
power. As can be seen in Figure 5-18, the effect of laser heating is not as
pronounced as that of Figure 5-16. While 6 kW laser power elongated the weld
pool, 3 kW did not produce the same effect for the same beam diameter and
process distance. Clearly the heat affected zone of the laser assisted weld is
wider than that of CMT weld alone because of the additional thermal input by
the laser. Table B-5 in Appendix B represents the measured weld bead profiles
of CMT and laser assisted CMT welds.

Figure 5-16: Macrographs of CMT weld with 5 m/min WFS (top) and equivalent
laser assisted weld of 6 kW laser power, 20 mm spot size and 20 mm process
distance (bottom)
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(A) 5 m/min WFS, (B) 6 m/min WFS, (C) 7m/min WFS, (D) 8 m/min WFS
Figure 5-17: CMT welds with different WFS and 7 mm/s welding speed

(A) 5 m/min WFS, (B) 6 m/min WES, (C) 7m/min WFS, (D) 8 m/min WFS

Figure 5-18: Laser assisted CMT welds with 3 kW laser power, 20 mm beam
diameter and 20 mm process distance
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5.5.4.2 Microstructure Examination

The microstructures of laser assisted CMT welds and those of the equivalent
CMT welds are presented in Figure 5-19 and Figure 5-20. These distinctly show
the different microstructural constituents of the weld metal and HAZ. The
different regions of the HAZ are also clearly highlighted in Figure 5-19. The
same microstructural constituents can be observed in both the CMT and laser
assisted welds for the different microstructures shown. However, the HAZ of the
laser assisted CMT weld is wider than that of CMT. It can be seen that while the
CMT micrograph in Figure 5-19 (top) shows the HAZ region and part of the
base metal, the laser assisted CMT micrograph in Figure 5-19 (bottom)
revealed only the HAZ region even though both micrographs were taken with
the same magnification. Apart from this, the micrographs look quite similar for
both types of welds. The dark marks in the micrographs may be due to

corrosion caused by the etchant and not part of the microstructures.

The different structures of the HAZ as seen in Figure 5-19, depends on the heat
input, cooling rate, time at peak temperature, and distance from the fusion
boundary between the weld metal and HAZ. These are the coarse grained HAZ
(CGHAZ), fine grained HAZ (FGHAZ), intercritical HAZ and subcritical HAZ
respectively. This is a typical HAZ microstructure of carbon manganese steels
for low heat input processes as reported by Eroglu et al®.

The coarse grained HAZ (CGHAZ) depicted in Figure 5-20 is the closest region
to the fusion boundary and as such the peak temperature is high enough to
cause transformation. Depending on the heat input and cooling rate, different
microstructures can be formed. However, the degree of coarsening and
hardness distribution is shown to vary. The hardness distribution is presented in

the next section.

174



Figure 5-19: Microstructure of (top) CMT and (bottom) laser CMT welds with 5
m/min WFS, 6 kW laser power, 20 mm beam diameter and 20 mm process
distance

175



20 mm beam diameter and 20 mm

process distance

6 kKW laser power

%
c
o
e
2
S
o
o
—

Figure 5-20: Coarse grained HAZ microstructure (left) CMT and (right) laser CMT
weld with 5 m/min WFS
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5.5.5 Hardness Test

Figure 5-21 to Figure 5-24 shows the Vickers micro hardness (HV(s) mapping
of the CMT, laser assisted CMT with 3 kW laser power and laser assisted with 6
kW power. A plot comparing the hardness distribution across the welds is also
given in Figure 5-24. It can be seen that the hardness distribution follows a
similar pattern for all the welds. This shows the hardness of the weld metal
(region having a mixture of green and yellow colours), HAZ region (band of red,

yellow and light blue), and the parent metal (dark blue).

In all cases, the maximum hardness occurred at the coarse grained HAZ, which
is closest to the fusion boundary. However, there is a progression of hardness
across the HAZ region with the lowest value at the subcritical HAZ (region just
before the dark blue colour). This is followed by the intercritical HAZ (light blue
region), and the fine grained HAZ (yellow region). The hardness of the weld
metal followed that of the HAZ, while the lowest was the parent metal.

It is clearly shown that the addition of a laser to CMT significantly lowered the
weld peak hardness. However, this depends on the laser power for a constant
beam diameter and process distance. For example, the addition of 6 kW laser
power reduced the peak hardness from about 420 HV to about 320 HV, while 3
kW laser power reduced it to about 340 HV as shown in Figure 5-24.
Nevertheless, both laser powers were shown to significantly reduce the peak

hardness.
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Figure 5-21: Vickers micro hardness map of the 5 m/min WFS CMT weld. Units in
mm and hardness measurement in HVqs
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Figure 5-22: Vickers micro hardness map of laser assisted CMT weld with5
m/min WFS, 3 kW power, 20 mm beam diameter and 20 mm process distance.
Units in mm and hardness measurement in HVgs
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Figure 5-23: Vickers micro hardness map of laser assisted CMT weld with5
m/min WFS, 6 kW power, 20 mm beam diameter and 20 mm process distance.
Units in mm and hardness measurement in HVys
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Figure 5-24: Comparing the hardness distribution of CMT weld with that of laser
assisted CMT welds of different laser power

179



5.6 Discussion of Results

A critical analysis and interpretation of the results is presented in this section.

The research finding will be compared with previous studies where available.
5.6.1 Weld Thermal Cycles

Weld thermal cycles of the laser assisted CMT process shown in Figure 5-5 are
an indication of how the laser can be used to control the thermal cycles of not
just the CMT but other arc welding processes. It demonstrates that with
additional laser heating, the weld pool cooling and solidification times can be
prolonged. This will be beneficial in terms of reduction of weld cooling rate and
formation of hard metallurgical phases that may promote hydrogen assisted

cracking sensitivity.

The shape of the weld thermal cycles is shown to be influenced by the process
distance. At 50 mm, which is the longest process distance in the plot (Figure
5-6), there were two distinct peaks: the one to the left is from the CMT source
and the other one from the laser. These show that at the longest process
distance the weld pool produced by the CMT heat source had already cooled
down to about 250 °C before the laser beam impinged on it, subsequently
reheating it to around 1200 °C before finally cooling down to room temperature.
But as both heat sources were brought close together (process distance equal
to 0 mm) the thermal cycles became more integrated. Consequently, the laser
beam impinged on the weld metal at a higher temperature of about 1200 °C and

maintained the temperature for some time before the cooling cycle begins.

An important consideration from the thermal cycles shown in Figure 5-6 is that
the laser reheats the weld to a temperature above austenite transformation.
Therefore, even when the weld pool cools down to temperatures below 400 °C,
which is about the martensite start temperature for the test piece (see Figure
2-32) before the laser impinged on it, the resulting phase will be reheated and

transformed to austenite. In addition, the extended cooling time and slower
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cooling rate will eventually promote the formation of a desirable weld
microstructure that would not be susceptible to hydrogen assisted cracking.

The thermal cycles of laser assisted CMT weld with constant laser parameters
and different wire feed speeds (Figure 5-7) show that when the wire feed speed
of CMT, and indeed of any synergic GMAW process is increased, a higher
amount of welding current will be required to melt the additional welding wire.
As a result, the weld cooling time will increase as indicated by the thermal

cycles.

The thermal cycles of welds made with different beam shapes shown in Figure
5-7 and 5-9 indicates little difference between the cooling time of a circular and
an elliptical laser beam under identical welding conditions. For the 3 kW laser
power and 20 mm process distance, the cooling time from (800 °C to 500 °C)
was 3.13 s compared with 2.93 s for the equivalent circular beam. While the
cooling time at 0 mm process distance was the same and approximately 3.43 s.
The 6 kW laser power and 20 mm process distance produced a cooling time of
4.26 s compared with 4.06 s for the circular beam, and at 0 mm process
distance a cooling time of 4.49 s compared with 4.37 s for the elliptical and

circular beams respectively.

The observation did not give a clear indication of the influence of beam shape
on weld cooling time. However, the elliptical beam has a longer interaction time,
since the beam area is increased when stretched. But the power density
correspondingly decreases. So a more reasonable comparison will be to
increase the laser power of the elliptical beam in order to achieve the same
power density as that of the circular beam. This would have a more pronounced
effect on the weld cooling time and cooling rate since the heat input will be
considerably higher. A detailed study of beam shape and its effect on weld

thermal cycle is recommended for further research in continuation of this work.
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5.6.2 Effect of Laser Parameters on Weld Cooling Time and Time at

High Temperature for Constant CMT Parameters

The application of a laser in conduction mode in combination with CMT is to
provide additional heat to prolong the cooling time of the solidifying weld metal.
Previous studies performed at Cranfield University have shown that the system
parameters e.g. laser power, beam diameter and welding speed can be
expressed as fundamental laser material interaction parameters (equations
(5-1) and (5-2)) and can be optimised to control the overall energy input for

laser processing **.

For the three beam sizes investigated, the 20 mm beam diameter gave the
longest cooling time (Figure 5-10). This is because interaction time and specific
point energy are dominant factors, both increase with beam radius as
expressed in equations (5-1) and (5-2). The bigger beam size and consequent
longer interaction time and higher specific point energy cause a larger area of
the material to be heated up resulting in longer cooling time and consequently
slower cooling rate (Figure 5-11). Longer cooling time will reduce the likelihood
of formation of hardened metallurgical phase such as martensite, consequently

reducing hydrogen assisted cracking sensitivity.

The cooling time as shown in Figure 5-12 increases with laser power because
the additional laser thermal input increases the specific point energy, thereby
prolonging the weld pool cooling time. Studies conducted by Ribic et al *** on
laser GTAW hybrid welding of AISI 321 stainless steel observed that the
additional heat input from the laser source resulted in a larger weld pool being
formed, which consequently reduces the cooling rate. It must be pointed out
that the study was on keyhole welding with obvious difference in process

characteristics, hence the melting of more material.

Changes in the process distance showed a gradual increase in cooling time as
the heat sources are brought close together. This effect can be attribute to the
fact that laser impinging on a hotter surface would reduce the cooling rate

further. Since the cooling time from (800°C to 500°C) was computed from the
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second thermal cycle due to the laser alone, the process distance did not have
significant effect (Figure 5-10). However, it is suggested that the process
distance could play a significant role in diffusion of hydrogen from the weld
metal. As shown in Figure 5-6 the weld metal had cooled down to below 800°C
for process distances (= 15 mm) before it was reheated to the laser peak
temperature. It is known that hydrogen diffusion coefficient within steel
increases with temperature, and if a longer time is allowed at an elevated
temperature it would increase hydrogen diffusion. Lacoviello et al ®” showed that

above 200°C the diffusion co-efficient is significantly higher than below 200°C
67

It could therefore be concluded with reasonable confidence that if the laser
beam impinges on the weld metal when it has cooled to just above 200°C, the
weld will be heated for an extended time before cooling to ambient temperature,
which will favour removal of diffusible hydrogen. Based on this, the 50 mm
process distance weld in Figure 5-6 is expected to give the longest residence
time (about 27 s) over 300 °C temperature. This is evident in Figure 5-13, which
shows the relationship between process distances and the weld residence time
over 300°C. The time at the same temperature for CMT weld shown in Figure
5-5is 4.63 s. Therefore, it can be seen that additional laser heating and indeed
longer process distance will extend the time at high temperature to increase
hydrogen diffusion rate. This will be beneficial to hyperbaric welding where the

potential for moisture pick-up from the welding chamber is high.

In any case it can be seen in Figure 5-5 that additional laser heat input
significantly extends the cooling time. So for simplicity we would accept the
cooling times computed from the laser curves. The experimental results showed
that all the laser parameters investigated produced welds with longer cooling
times than the CMT weld alone, even though these depended on the chosen
laser parameters. In comparison, the CMT weld alone had a cooling time from
800°C to 500°C of 1.62 s while the laser assisted weld of 6 kW power, 20 mm
beam diameter and 0 mm process distance produced a cooling time within the

same temperature range of 4.41 s. This represents over 200% increase in
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cooling time. Due to the absence of information in the literature on laser
assisted GMAW in conduction mode, some of these results could not be

corroborated by comparable studies.

The benefit of using additional laser heat input has been shown both in terms of
prolonging weld cooling time (slower cooling rate) and longer time at high
temperature. Since diffusible hydrogen is the main cause of hydrogen assisted
cracking among other factors, reducing it to acceptable limits as specified by the
standards (5 ml H, per 100 g of weld metal) should be given more emphasis.
The reason is that even if a susceptible microstructure is formed due to fast
cooling rate, the absence of diffusible hydrogen means that the likelihood of

hydrogen assisted cracking is low.

5.6.3 Effect of Wire Feed Speed on Weld Cooling Time for Constant

Laser Parameters

The plot of wire feed speed to travel speed ratio against weld cooling time as
shown in Figure 5-15 reveals that higher wire feed speed leads to increase in
process heat input. This will increase the weld cooling time and consequently
reduces the cooling rate. This is because for CMT like most GMAW power
sources, the wire feed rate is coupled with heat input. Therefore there is
concomitant increase of welding current with wire feed speed in order to melt
the additional filler wire. As a result, more material is melted with resultant
increase in weld pool volume. Consequently, the weld pool cooling and

solidification time is prolonged, which implies slower cooling rate.

The highest WFS/TS were obtained for the weld with 8 m/min wire feed speed
and this gave a cooling time from 800 °C to 500 °C of 8.57 s. This is a marked
improvement from the corresponding CMT weld alone with a cooling time of

2.36 s for the same temperature range.
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5.6.4 Metallurgical Characterisation

The experimental results revealed that for the laser parameters investigated,
6 kW laser power and 20 mm beam diameter gave the longest cooling times
and consequently, the slowest cooling rates for all process distances.
Therefore, these will be considered as the optimum laser parameters and as a
result, the discussion on macrostructure and microstructure examinations will
be based on these parameters. However, comparison will be made with other

parameters where necessary.
5.6.4.1 Macrostructure Examination and Weld Quality

As observed the laser assisted welds were defect-free and spatter generation
was considerably minimised when compared to the traditional short circuit
GMAW process. This was because of the controlled short circuiting and droplet
detachment offered by the CMT process as reported by Pickin and Young *°°.
This is in contrast to short circuit GMAW that generates a lot of spatter due to
explosive molten metal detachment that is caused by rapid increase of welding

0 The laser had no noticeable effect on

current during short circuiting
spattering as it only acts as a secondary heat source to maintain the heat of the
weld pool. In addition, it did not affect the weld penetration depth. The reduced
bead height and smooth transition between the weld toe and parent material
would give improved fatigue properties by lowering the areas of stress
concentration. Also, in case of multi-pass welds this will improve fusion during
depositing of successive passes. It is worth mentioning that the process
distance also plays a role in the reshaping of the weld bead. As the heat
sources are brought closer the weld bead becomes flatter because the laser
heats up the weld bead directly unlike at longer process distance where the

heating is on the pipe materials.

The laser, positioned in trailing configuration to the CMT arc was employed to
provide post weld heating. This was not necessarily to cause material melting or
increased weld penetration. Rather, it reheats and elongates the weld bead as

shown in Figure 5-16.
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The other obvious effect of the laser is that it produced a wider heat affected
zone than the CMT. The main explanation for this is that the 20 mm beam
diameter laser beam heats up a larger area of the material than the CMT arc,
giving a wider heat affected zone. This implies more heat retention and wider
microstructural changes in the HAZ. However, the width of the HAZ decreases
with beam diameter. Therefore, for the beam sizes investigated, 10 mm
produced the smallest HAZ, which was still wider than that of the CMT.

It must be emphasised that the modifying effect of the laser on the weld bead
depends principally on the laser power. This becomes obvious when comparing
the macrograph of Figure 5-16 (bottom) with that of Figure 5-18 (A). The former
was a 6 kW weld while the latter was 3 kW for the same beam diameter,
process distance and CMT parameters. The elongation of the weld bead is
more pronounced for the 6 kW weld. This is because the 6 kW weld has twice
more power and consequently as much more specific point energy than the 3
kW weld.

5.6.4.2 Microstructure Examination

Figure 5-19 and Figure 5-20 indicate that the laser assisted CMT weld has a
similar microstructure to those of the equivalent CMT weld. The main
differences are that the HAZ is wider for the former as previously mentioned,
and also there may be less martensite formed in the CGHAZ. The tempering of

martensite by the additional laser heat could be responsible for this.

Since the CGHAZ (Figure 5-20) is the closest HAZ region to the fusion
boundary, it is heated to a temperature sufficient to cause rapid austenite grain
growth. The FGHAZ indicated being further away from the fusion boundary than
the CGHAZ is also heated to a temperature above Ac3, but insufficient to

produce rapid austenite grain growth.
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The intercritical HAZ is heated to a temperature between Acl and Ac3, resulting
in only partial transformation to austenite. However, substantial refinement
occurs. The subcritical HAZ is the closest region to the base metal and as such
the maximum temperature may be less than Acl. The ferrite (F) grains are finer
than those of the base metal). The microstructure of the base metal is
predominantly pearlite and ferrite.

The low heat input (0.38 kJ/mm) and cooling time (1.62 s) of the CMT weld may
have resulted in the formation hard metallurgical phases in the HAZ
microstructure, particularly the CGHAZ. It can be inferred that higher heat input
resulted in longer cooling and solidification time, and slower cooling rate, which
produced softer phases compared with CMT alone. This is reflected in the
hardness profile presented in the next section. The above findings are in

agreement with results in the literature % 3%°°,

5.6.5 Hardness Test

The measured hardness values as presented in Figure 5-21 to Figure 5-24
show that the maximum hardness occurred in the HAZ, followed by the WM,
while the BM has the minimum hardness. The maximum hardness occurred in
the CGHAZ and decreases progressively towards the base metal. This
hardness profile, which is indicative of HAZ hardening, is consistent with
reported works on low heat input and high cooling rate welding of low carbon
steels as reported by Eroglu *®. The high hardness of the CGHAZ could be
because of the presence of martensite in the microstructure, which was caused

by high cooling rate.

The peak hardness of the CMT weld is considerably higher than those with
additional laser heating as shown in Figure 5-24. This is due to the low heat
input and high cooling rate. The addition of a laser to CMT can significantly
reduce the peak hardness by 25% depending on the laser power while other
parameters are kept the same. The decrease in hardness could be attributed to

the higher heat retention resulting in tempering of martensite present or may be
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austenisation and formation of other softer phases e.g. ferrite (this could be
because of lowering of the cooling rate).

Since the maximum hardness is considered an approximate index for
susceptibility to hydrogen assisted cracking, it is usually limited to 350 HVyg in
welding of offshore structures and pipelines *% *°. A HAZ hardness of 248 HVy,
and higher was reported to increase susceptibility to stress corrosion cracking
when the pipeline is used for sour service “°. It has to be pointed out that this
test is a Vickers micro hardness test with a load of 500 g, which is different from
the one specified by the standard as reported in 3.6.5. The hardness load
specified by the standard is 10 kg. The larger indentation produced by the latter
will not give an accurate indication of the different phases present. On the other
hand, the smaller indentations of the 500 g load could be more representative of
the hardness distribution of the different phases present in the weld

microstructure.

This high peak hardness justifies the need for additional heat input to the CMT
process if it is to be used for hyperbaric welding of X65 pipeline steel. It is
important to note that CMT was designed for low heat input applications, and as
such the option of increasing the wire feed speed to achieve higher heat input
may negate other process benefits as shown in chapter four.
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5.7 Conclusion
The conclusions from this research are as follows:

e The laser serves as post weld heating, elongating the weld pool and
extending the cooling time. It also gives a smooth transition between the
weld toe and pipe material, which would reduce areas of stress
concentration and improve the structural integrity and also better fusion

in multi-pass welding.;

e Laser power and beam diameter were shown to be the main parameters
that influence the cooling time. Large beam diameter and high laser
power favours longer weld cooling time because of longer beam

interaction time and higher specific point energy;

e The process distance was shown not to significantly affect the cooling
time, tg;s because it was computed from the laser thermal cycle which did
not take into account the overall weld thermal cycle. However, it was
shown to influence hydrogen diffusion rate from the weld metal. It is
suggested that separating both heat sources such that the laser just
impinges on the weld metal above 200°C will result in prolonged heating
time, and favour desorption of diffusible hydrogen;

e It has been shown that with laser assistance an overall increase of
cooling time (200%) is achievable as compared to equivalent cold metal

transfer weld alone.

e For the parameters investigated, it was shown that the additional laser
thermal input to Cold Metal Transfer process could bring about significant
reduction of weld peak hardness to acceptable levels recommended for

welding of offshore structures for sour service application.
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6 Numerical and Experimental Study of Temperature
Distribution in Laser Assisted GMAW (CMT)

Scope

The temperature distribution and cooling rate of a welded structure influences
formation of the final weld microstructure and the resultant mechanical
properties. These determine the strength of the welded joint and susceptibility to
failure. Predicting the strength of a welded structure requires accurate analysis
of the thermal cycle, which will provide an understanding of the temperature
gradient and subsequent cooling rate during welding. The correct prediction of
thermal cycles requires understanding of the effects of different welding and
heat source parameters on the model. This is vital to the development of
effective simulation strategy for weld thermal analysis. In addition, hydrogen
diffusivity increases with temperature, thereby making temperature profile
crucial to the avoidance of hydrogen assisted cracking, which is a potential

problem during hyperbaric GMAW.

In this chapter, a thermal model was developed by Jialuo Ding, a Research
Fellow in the Welding Group using Abaqus 6.11 software. The model was
applied for accurate prediction of temperature distribution and cooling time of
the weld metal and HAZ for laser assisted GMAW (CMT) at atmospheric
conditions. The results of the model were validated by welding experiments
under similar conditions. The cooling block calibration shown in chapter 3 was
used to validate the simulated convection coefficient under different pressures.
This was used to simulate the temperature distribution and cooling time of laser
assisted GMAW under different pressures. However, laser assisted hyperbaric
GMAW could not be performed to validate the model results at high pressures.
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6.1 Aim and Objectives

The aim of the work presented in this chapter is to apply an efficient numerical
simulation technique for prediction of the temperature distribution and cooling
time of the weld metal and heat affected zone of laser assisted GMAW (CMT).
Developing predictive capability is important to understand the underlying
mechanism of interaction between the two heat sources and generate thermal
cycles for different welding parameters after the model is calibrated. This will
also minimise the errors associated with using thermocouples to generate weld

thermal cycles. To achieve this, the following objectives are addressed:

e To apply a developed thermal model using Abaqus 6.11 finite element
model software to simulate the thermal cycle of laser assisted GMAW
(CMT) at one atmosphere;

e To validate the thermal model by experimental welding results; and

e To use the model to predict the thermal cycles of laser assisted GMAW

(CMT) at different pressures.

192



6.2 Experimental Procedure

6.2.1 Materials and Equipment

The same materials, equipment and experimental set-up used in chapter five
were employed in this work. These were used for the purpose of generating the
weld metal and heat affected zone thermal cycles that were used to validate the

thermal model.
6.2.2 Experimental Method for Welding Trials

Two instrumented bead-on-pipe welds were performed on a 310 mm x 120 mm
x 25 mm section of X65 pipeline steel by attaching K-type thermocouples on the
pipe surface in order to determine the transient weld thermal cycle. Five
thermocouples were placed 5 mm, 10 mm, 15 mm, 20 mm and 25 mm away
from the weld centre line as shown in Figure 6-1. The first thermocouple was
positioned 50 mm from the weld start position. In addition, R-type
thermocouples were placed inside holes drilled through the pipe thickness to
depths of about 24 mm and 24.5 mm (refer to Figure 3-10 of chapter 3). These
were used to determine the temperature distribution of the weld pool and heat
affected zone. The laser parameters investigated were 6 kW laser power with
20 mm beam diameter. The process distance was 20 mm and the laser head
was travelling behind the CMT torch. The laser head and CMT torch were fixed
at an angle of 66° and 78.5° to the horizontal respectively as illustrated in Figure
5-4 of chapter five. For the CMT, 5 m/min wire feed speed was used. The
specimen was clamped to the translation stage moving with constant welding

speed of 7 mm/s.
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Figure 6-1: K-type thermocouple position on a welded specimen

6.2.3 Determination of the Convective Coefficient under Different

Pressures

The data generated from the cooling block calibration experiment described in
section 3.3.2 of chapter 3 was used to validate the simulated convection

coefficients at different pressures.
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6.3 Finite Element Model (FEM)

FEM software Abaqus 6.11 was used to perform the thermal analysis *® ’°. The
heat sources of the process were simulated using a user defined subroutine
written in Abaqus. A steady state model was used to compute the temperature

distribution during welding.
6.3.1 Computational mesh

As shown in Figure 6-2 (a), the model was built with the same width and
thickness as the substrate. The length of the substrate was setup as 0.7 m to
make sure the temperature history of the cooling can be captured. Since the
pipe geometry is symmetrical along the weld centre line, only half of the welded
pipe section was considered in the model. The weld bead was simplified by
using two rectangular shapes with the width and height shown in Table 6-2 for
the CMT section and laser section respectively. Apart from that, a transition
section of 5 mm length was modelled between the two sections (shown in
Figure 6-2 (b)).

A three-dimensional hexa mesh was generated on the computational domain.
The Welding direction was along the x-axis. Since high temperature and heat
flux gradients are predicted within the fusion zone (FZ) and HAZ, a
comparatively fine mesh is assigned to these regions. The element size
increases with distance away from the heat source regions (shown in Figure
6-2(c)).

Forced convection/ diffusion linear elements were utilised in this model. Instead
of modelling the heat source moving along the weld line as in transient models,
the steady-state method attaches the reference frame to the welding heat
sources and models the material ‘flow’ through the meshes. The welding torch
movement is represented by a mass flow rate per area, which equals the

welding speed multiplied by the material density .
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Laser section

Weld bead profile

(b} (c)

Figure 6-2: FEM mesh and cross section of test piece geometry. (a) Isometric
view of the model; (b) geometry of the weld bead; (c) enlarged top view of the
focused area indicated by the red square in (a)

6.3.2 Heat flux distribution for the model

Heat input required to melt a metallic material during welding is described by:

_n -Iweld . Vweld/v

Qweld - (6'1)

Where Q14 is effective heat input during welding 7 is the heat source

efficiency, which depends on the welding process. For GMAW, it is in the range
of 0.75 to 0.90, and 0.05 to 0.60 for laser beam welding depending on surface

74

conditions Lyeia and Vg are the welding current and arc voltage

respectively and v is the welding speed **2.

Since the laser head and CMT torch were fixed relative to the moving slide, a
steady state model of heat flux was assumed. In order to simulate the moving

slide at the specified welding speed, the computed heat flux densities were
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distributed to specific elements around the welding region in the model.
Therefore, the origin of the coordinate system is positioned at the centre of the
heat flux surfaces. A user defined function was used to compute the Eulerian
distance of elements from the heat source centres at any given time. The laser
and CMT heat sources were applied to elements as surface and volumetric heat

generation respectively.
6.3.3 Laser heat flux

During the experimental trials, the laser beam was defocused and used in
conduction mode. As a result, the power density was significantly reduced. This
Is because the laser beam was intended to provide additional heat input to the
CMT process or used for post-weld heating and not necessarily to melt the

specimen.

The defocused laser beam distribution was modelled with a spherical
approximation *°°, which can be described with the following expression:

qx,y) = aser . |1 _ 22 _y2 (6-2)

2772 ro2 192’
where q x,y is the surface heat flux in W/m? Q,,sr is the laser power (W),

Iy is the laser beam radius (mm) and a laser heat source efficiency n; of 0.45

was assumed.
6.3.4 GMAW (CMT) heat flux

A volume heat source represented by double-ellipsoidal Gaussian distribution of
power density (shown in Figure 6-3) as proposed by Goldak et al ®* was
adopted as the CMT heat source. Given that the temperature gradient in front of
the heat source is steeper than that at the trailing edge of the molten pool, the
power density of the region in front of the arc centre and the region behind the

arc centre were defined separately *°.
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Figure 6-3: Goldak’s double ellipsoid heat source model **

The power density distribution in the front quadrant can be described as
qf =1, 6\/§foCMT e_3x2/ajzce_3yz/bze_3zz/cz (6-3)
asbervm

and the power distribution for the rear quadrant is:

_ 6\/§erCMT —3x2/a2 ,—3y2/b?% ,—322/c? (6-4)
Gr=Nc———=¢ ¢ ¢ ’
a,bcmm

where ar and g, are the power density (W/m?) of the frontal ellipsoid and the

rear ellipsoid respectively; a, and a_represents the length (mm) of these

ellipsoids; b and c are the heat source width (mm) and depth (mm) respectively;

@,y s the energy input (W) of the CMT. A heat source factor, n, of 0.90 is
assumed; ff and f, are the factors for distributing the power to the front and rear

of the heat source (ff:O.S and f =1.5), and they have the relation that ff +f =2

30

In the model the two heat sources were described by a user defined subroutine.
The subroutine defines the laser and CMT heat fluxes as given in equations 6-2
to 6-4. The detailed parameter settings used in this study are shown in Table
6-1.
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Table 6-1: Heat source parameters

Laser CMT
Qiaser(W) | ro(mm) | Qcpr (W) | ap(mm) | a.(mm) | b(mm) | ¢(mm) fr fr
6000 10 2509.7 2.5 7.5 2.9 2.9 0.5 15

6.3.5 Boundary conditions

The heat loss due to radiation and convection was modelled on most of the
surfaces except for the symmetry plane. Constant convective heat transfer
coefficients were used in this study. The value of this coefficient is different
under different pressures. In this study the convection coefficient under different
pressures was decided by running a series of numerical trials and adjusting the
model so that the predicted temperature histories match the experimental
results *°. In additional, a constant radiation coefficient of 0.8 was used. The
heat loss through the clamping devices was ignored in this model because the
contact area of the clamps and the base was very small. The initial temperature
was set at room temperature 25 °C. The Stefan-Boltzmann constant was set to
5.67x10°® J/ (m?K).

6.3.6 Materials properties

Constant density of 7850 kg/m® was used in the simulation. The same thermal
properties were set for materials in the weld bead as well as in the base plate.
Temperature-dependent thermal conductivity and specific heat were used in
this study (as Shown in Figure 6-4). In order to take the effect of liquid flow in
the weld pool into consideration, an arbitrarily high thermal conductivity was
used for greater temperature than the material melting temperature. The latent
heat for the material transformation from solid to liquid was considered in this
model by artificially increasing the liquid specific heat capacity around the

melting point.
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6.4 Results

The results of the temperature field distribution and their analysis is presented
in this section. This is followed by a discussion of these results in the next

section.
6.4.1 Analysis of temperature field distribution

Figure 6-5 shows the temperature distribution of a 5 m/min WFS weld for 6 kW
laser power, 20 mm beam diameter and 20 mm process distance and the
predicted weld penetration depth. The temperature distribution made with the
same WFS but with 3 kW laser power, 15 mm beam diameter and 20 mm

process distance is shown in Figure 6-7.

It can be seen that temperature around the heat sources exceeds 1540°C
indicating material melting in the weld fusion zone (FZ). The interaction of
temperature fields of both heat sources is also clearly visible in the figures.
These reveal a wider thermal field by the laser heat source relative to CMT. The
laser provides post-weld heating that elongates the weld bead, which is in
agreement with the experimental results (Figure 6-6). The measured
penetration depth of the experimental weld is approximately 1.20 mm, while the
simulation predicted approximately 0.9 mm (Figure 6-5 bottom) for the same

parameters. Table 6-2 gives the measured experimental weld bead profile.

Table 6-2: Weld bead profile of experimental welds

_ Penetration Weld

WFS HAZ width depth Cap width

Weld (m/min) (mm) (mm) (mm) (mm)
CMT 5 0.58 1.21 3.22 6.42
LCMT 5 2.19 1.23 1.44 8.60
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Figure 6-5: (Top)Temperature distribution of weld with 6 kW laser power, 20 mm
process distance, 20 mm beam diameter and 5 m/min WFS. (Bottom)
measurement of weld penetration depth

Figure 6-6: Macrographs of CMT weld (left) and laser CMT assisted weld (right) of
6 kW laser power, 20 mm process distance, 20 mm beam diameter and 5 m/min
CMT WFS
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As can be observed in Figure 6-7 the laser peak temperature is significantly
lower when compared to that of the 6 kW laser power shown in Figure 6-5.

Consequently, the 3 kW laser power did not cause significant re-melting and

reshaping of the weld bead as evident from the macrographs shown in Figure
6-8.

/ Welding direction

v‘i'x

Figure 6-7: Temperature distribution of weld with 3 kW laser power, 20 mm
process distance, 15 mm beam diameter and 5 m/min CMT WFS

Figure 6-8: Macrographs of CMT weld (left) and laser CMT assisted weld (right) of
3 kW laser power, 20 mm process distance, 15 mm beam diameter and 5 m/min
CMT WFS
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6.4.2 Analysis of thermal data

Figure 6-9 compares the experimental and simulated thermal cycles at different
positions on the pipe surface for 6 kW laser power, 20 mm beam diameter and
20 mm process distance. The weld metal thermal cycles for model and
experiment at 0.5 mm and 1.0 mm from the pipe surface is also compared in
Figure 6-10. Similarly, comparison of weld metal thermal cycles of model and

experiment for a 3 kW laser power is given in Figure 6-11.

As shown in Figure 6-9 the thermocouple placed closest to the weld centre line
(Exp_5 mm) recorded the highest peak temperature. The temperature
progressively decreases with distance away from the fusion boundary to give
the lowest value at 25 mm. The figure shows two distinct peaks of the thermal
cycles. The first one is due to the CMT and the second one is caused by the
laser. Temperature peaks generated by the laser are significantly higher than
those for the CMT. The calculated and predicted cooling times from 800 °C to
500 °C were approximately 2.65 s and 2.12 s respectively for the 5 mm (Exp_5
mm and Simu_5 mm) distance. The measured HAZ and weld widths (Table 6-2)
indicate that only the closest thermocouple to the fusion boundary (Exp_5 mm)
was in the HAZ of the weld joint.

As shown in Figure 6-10, the weld metal temperature distributions also show
two distinct peaks similar to Figure 6-9. But the former indicates a higher value
for the CMT curve as against the latter. The predicted peak temperatures of the
CMT and laser thermal cycles closely match those of the experiments. The
peak temperature of the CMT curves for both positions is above 1540°C, which
is about the melting temperature of the test piece. For the laser peaks, the
predicted temperature is about 1200 °C, which is similar to experimental results.
However, it is slightly higher for the 0.5 mm position. The calculated and
predicted cooling times from 800 °C to 500 °C were approximately 4.06 s and
3.19 s respectively for the 0.5 mm (Exp_0.5 mm and Simu_0.5 mm), While
those of the 1 mm (Exp_1 mm and Simu_1 mm) position were approximately

3.96 s and 3.07 s respectively.
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As shown in Figure 6-11 the simulated weld metal thermal cycle and that of the
experiment are also in close conformity. However, the laser peak temperature is
shown to be lower when compared to the weld thermal cycle for 6 kKW laser
power. The calculated and predicted cooling times from 800 °C to 500 °C were
approximately 2.80 s and 2.13 s respectively for the 0.5 mm (Exp_0.5 mm and
Simu_0.5 mm).

1600

—Fxp 5 mm
1400 -

—FExp_ 10 mm

——Exp 15 mm

1200 - =——Exp_20 mm

—FExp 25 mm

1000 - = == Simu_5mm

=== Simu_10mm
800 1 === Simu_15mm

=== Simu_20mm
600 -

Temperature (°C)

=== Simu_25mm

60 70 80 90 100

Time (s)

Figure 6-9: Comparing the thermal cycle of model and experiment at different
positions on the material surface
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Figure 6-10: Thermal cycles of the weld metal for model and experiment for 6 kW
laser power, 20 mm beam diameter and 20 mm process distance
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Figure 6-11: Thermal cycles of the weld metal for model and experiment for 3 kW
laser power, 15 mm beam diameter and 20 mm process distance
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6.4.3 Predictive capability of the model

The predictive capability of the developed model is investigated in this section.
The model was used to predict the thermal field and temperature profile of laser
assisted GMAW (CMT) for a longer process distance than those investigated. It
was also used to predict the weld thermal cycle for laser assisted GMAW (CMT)
under different ambient pressures. However, the model will not be validated by
experimental data because laser assisted GMA welding has not yet been
performed under high pressure conditions as this will require significant
modifications to the hyperbaric chamber to incorporate a laser, which has not
yet been done.

6.4.3.1 Thermal field and temperature profile for 50 mm process distance

Figure 6-12 and Figure 6-13 show the temperature field distribution and
predicted thermal cycles respectively for 3 kW laser power, 20 mm beam
diameter and 50 mm process distance with 5 m/min WFS. It can be seen that
the temperature field is similar to those described in the previous section. The
main difference is the clear separation of both heat sources because of the
longer process distance. Also, the laser peak temperature is shown to be

significantly lower.

The simulated thermal cycles follow a similar pattern to the previous ones.
There is clear distinction between the weld metal thermal cycles of both heat
sources with the arc source temperature being much higher than the laser as
shown in Figure 6-13 (0.5 mm below welding surface). This indicates that the
laser impinges on the weld metal after it has cooled down to about 250 °C while
the laser peak temperature is just below 800 °C. For the predicted thermal
cycles at positions away from the weld centre line, it can be observed that the
laser induced peak temperature is higher than the arc induced peak.
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Figure 6-12: Temperature distribution of weld with 3 kW laser power, 50 mm
process distance, 20 mm beam diameter and 5 m/min WFS
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Figure 6-13: Predicted thermal cycles of the weld metal for 3 kW laser power, 20
mm beam diameter and 50 mm process distance
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6.4.3.2 Laser assisted GMAW under high pressure

In order to model the weld thermal cycles under high pressures, the convection
coefficient for a given ambient pressure has to be established. To achieve this,
the result of the cooling block calibration experiment reported in chapter three
was used. As reported, a steel block was heated up by resistance heating and
allowed to cool under different ambient pressures. The resultant cooling curves
were simulated using the finite element model, and the result was validated by
the cooling block calibration experiment. Figure 6-14 compares the simulated
and experimental calibration of the convection coefficients under different
pressures. The derived convection coefficients at different pressures are given
in Table 6-3. It can be seen from the figure that the model and experimental
results are in good agreement. This indicates that convective heat loss
increases with pressure, resulting in faster cooling times as earlier described in

chapter three.

The convection coefficients at the given pressures were assigned to the model
to predict the thermal cycles of laser assisted GMAW (CMT) welds under
different ambient pressures. The welding parameters used for the model were
identical to those used at one atmosphere condition. These were 6 kW laser
power, 20 mm beam diameter, 20 mm process distance and average
instantaneous GMAW arc power of approximately 2.3 kW. Figure 6-15 and
Figure 6-16 shows the simulated thermal cycles at 0.5 mm from the material

surface for a 25 mm and 5 mm thick plate respectively.

The model indicates little difference in cooling time from 1 to 150 bar pressure
for the 25 mm plate thickness. For the 5 mm thick plate, the effect of pressure
on the cooling time is more significant. This is similar to the results obtained at
one atmosphere, as previously described in chapter three. However, the model
did not account for the arc constriction phenomenon at elevated pressure. This

is expected to narrow the heat source profile with increasing pressure.

Figure 6-17 and Figure 6-18 compare the effect of pressure on the cooling time

with and without laser heating for the different plate thicknesses. The computed
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weld cooling times given in chapter 3 are compared with that simulated by the
model. The same laser parameters as above were used and average
instantaneous GMAW arc power of approximately 5.5 kW. It can be seen from
the plots that the laser has the same effect of extending the weld cooling time at

elevated pressure as it did at one atmosphere.
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Figure 6-14: Calibration of the convection coefficients under different pressures

Table 6-3: The convection coefficient at different pressures

Pressure (bar) 1 18 37 100 150

Convection (Wm™K) | 8.4 | 33.5 | 53.0 | 105.0 | 127.0
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Figure 6-15: Simulated thermal cycles of laser assisted CMT welding with 5
m/min WFS and 7 mm/s welding speed on a 25 mm plate thickness for 6 kw laser
power, 20 mm beam diameter and 20 mm process distance
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Figure 6-16: Simulated thermal cycles of laser assisted CMT with 5 m/min WFS
and 7 mm/s welding speed on a 5 mm plate thickness for 6 kw laser power, 20
mm beam diameter and 20 mm process distance
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Figure 6-17: Comparing the weld cooling time with and without laser heating for
a 25 mm plate thickness with 8 m/min WFS and 7 mm/s welding speed
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Figure 6-18: Comparing the weld cooling time with and without laser heating for
a 5 mm plate thickness with 8 m/min WFS and 7 mm/s welding speed
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6.5 Discussion of Results

This section presents the analysis and interpretation of the model results. The

results will be compared with previous studies where available.
6.5.1 Analysis of temperature field distribution

The process heat input from the heat sources is quickly transferred in the
thickness direction (z-axis) and then in the width direction (y-axis) to attain
uniform distribution (Figure 6-5 and 6-7). Similar results were reported by
Chaowen et al ?*. Although the laser was not intended to cause material
melting, it can be observed that there is some material melting caused by the
laser heat source (Figure 6-5). This is because of the high laser power used,
even as the melting is localised on the material surface. Similar welds made
with 3 kW laser power did not cause significant material melting as evident in

Figure 6-7.

The wider temperature distribution produced by the laser heat source in
comparison with that of CMT was because of the large beam diameter, which
heats up a wider area of the material surface.

As shown in Figure 6-5 (bottom) and Table 6-2, the weld penetration was
produced by the CMT heat source. This is because the CMT arc produced the
heat input for melting of the material while the laser merely prolongs the weld
cooling times. The simulation results suggest the same behaviour. The
explanation for this is because of the higher heat flux of the CMT heat source,
compared to the defocused laser beam with significantly lower energy density.
The model prediction of weld penetration depth was close to that measured
from the macrograph in Figure 6-6. However, the slight difference in the values
may be due to the difference in geometry of the bead reinforcement between
the actual weld profile and the model. The model assumed a rectangular shape

for ease of computation while the actual bead reinforcement is convex in shape.
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6.5.2 Analysis of thermal data

The thermal cycles shown in Figure 6-9 to 6-11 indicate that the simulation
results were in good agreement with the experiments. These show that the
material was rapidly heated up to peak temperature as the heat sources moved
across it and then slowly cools down after it passes.

Since the width of the CMT heat source (denoted as b in Figure 6-3) used in the
model was approximately 3 mm, it was obvious that none of the thermocouples
were heated directly, but through conduction (Figure 6-9). This explains why the
peak of CMT part of the thermal cycle was much lower than that of the laser for
the 5 mm position (Exp_5 mm and Simu_5 mm). On the other hand, the laser
beam radius was approximately 10 mm, and as a result, this point lies within the
laser heat domain while the 10 mm point (Exp_10 mm and Simu_10 mm) may
just be on its periphery (Figure 6-9). Therefore, the laser directly heats up the
thermocouple, resulting in the higher laser peak temperature. The lower
temperature peaks of points further away from the weld centre line is because
of their distance from the direct heating effect of the heat sources, a situation
not helped by the low heat input of CMT process and the thick pipeline section,
which acts as a heat sink.

The mismatch between the model and experiment on the CMT part of the
thermal cycles for the 5 mm distance (Exp_5 mm and Simu_5 mm), as can be
observed in Figure 6-9, could be a result of errors due to the thermocouple
position. The same is applicable to the thermal cycles representing 10 mm
distance from the weld centre line (Exp_10 mm and Simu_10 mm). It may also
be attributed to the change in shape of the weld bead as a result of the
elongated weld pool caused by laser heating. Apart from these, the model and
experimental results are a good match. The possible experimental error due to
thermocouple position was described in chapter three. The model also gives a
close approximation of the actual weld cooling time between 800°C and 500°C.
However, the slightly faster cooling indicated by the model may also be due to

modelling errors.
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Since the point 5 mm from the weld centre line lies within the HAZ of the weld
joint (Table 6-2), thermal cycles represented by (Exp_5 mm and Simu_5 mm) in
Figure 6-9 can be used to approximate the cooling time of the HAZ for the set of

welding parameters used.

As shown in Figure 6-10 to Figure 6-11 the CMT peak temperature exceeds
1540 °C which is approximately the material melting temperature. This indicates
that the measured thermal cycle represents that of the weld pool. Also, the
model prediction of the weld metal thermal cycles is in good agreement with
experiment. However, the slight differences between the predicted and
measured laser peak temperatures may also be due to modelling errors. The
model indicates slightly faster cooling times compared with the experiment. This

may be due to the material properties used in the model.
6.5.3 Predictive capability of the model
6.5.3.1 Thermal field and temperature profile for 50 mm process distance

The temperature field distribution shown in Figure 6-12 follow a similar pattern
to those discussed in section 6.5.1. However, the distinct separation of the heat
sources is because of their distance apart which in this case is 50 mm. This
shows that as the heat sources are moved apatrt, it will reach a point where they
have distinct temperature fields. This is in contrast to shorter process distances
where both heat sources are in close proximity; hence the temperature fields
are integrated. When compared to the temperature filed distribution of the same
laser power (Figure 6-7), it can be observed that the laser peak temperature is
lower than the former. This may also be because of the different beam sizes.
The former had a beam diameter of 15 mm which should produce a higher

energy density for the same laser power.

The weld metal thermal cycle shown in Figure 6-13 (0.5 mm from the welding
surface) is quite similar to that of Figure 5-6 for a 50 mm process distance. Both
indicate that the weld metal has cooled down to about 250 °C before the laser

impinged on it. Apart from the laser power which is different (6 kW for the latter),
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identical beam diameter and process distance where used in both cases. This
gives a good indication of the predictive capability of the model. When
compared with Figure 6-11 with similar laser power, it can be observed that the
laser peak temperature is significantly lower. The former indicates a peak
temperature of about 1200 °C against the latter of about 800 °C. This is
because the thermal cycle described in Figure 6-11 was produced with 15 mm
beam diameter, which will give a higher energy density than the simulated 20

mm beam diameter.

Considering the limitations of the model it is in good agreement with the
experiment. It can therefore be used to make reasonably accurate predictions of

laser assisted arc welding for different laser parameters.
6.5.3.2 Laser assisted GMAW under high pressure

As shown in Figure 6-14, the predicted cooling curves were in good agreement
with the experiment. As a result, the model result was used to derive the
convection coefficients for the different pressures investigated (Table 6-3). It
can be seen that the convection coefficient increases with pressure, and this is
because of the increase in the chamber gas density and resulting thermal
diffusivity as earlier mentioned. This suggests that with increasing pressure the
heat faster by convection to the chamber gas increases, resulting in faster

cooling times.

The developed model was run with the derived convection coefficients to predict
the weld thermal cycles of laser assisted hyperbaric GMAW. As shown in Figure
6-15, pressure did not significantly influence the weld thermal cycle for the 25
mm thick steel section. A similar result was shown in chapter three, which was
attributed to the dominant influence of conduction over convective heat transfer
to the chamber gas environment. For the thinner plate, the effect of pressure on
the weld thermal cycle is quite significant (Figure 6-16). As the pressure
increases, the weld cools faster indicating that pressure and consequently

convective heat loss increases. Also, the effect of the laser is more pronounced
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on the thinner plate as indicated by the much higher peak temperature of the
laser in Figure 6-16.

Similar results were obtained for hyperbaric GMAW welding up to 200 bar
pressure as described in chapter three. Although the welding conditions were
different, the influence of material thickness and pressure on the thermal cycle
of welds made under different ambient pressures was identical. Nevertheless,
the effect of arc constriction which was not accounted for by the model may be
seen from the thermal cycles of the hyperbaric GMAW shown in Figure 3-13 to
3-15. It can be observed that the temperature peaks were slightly decreasing
with pressure. However, the temperature peaks of the predicted thermal cycles
of the laser assisted GMAW were identical (Figure 6-15 and Figure 6-16). The
results shown in Figure 6-17 and Figure 6-18 indicate that benefit of using a laser
to extend the weld cooling time at one atmosphere can also be achieved at
elevated pressures.

The model results seem to give a good indication of the temperature profile of
laser assisted GMAW (CMT) under different ambient pressure conditions and
the increase in weld cooling time. The arc constriction effects were not included
in the model and this should have an effect in real life. Finally, the model needs
to be validated by experiment data to fully establish its viability and/or

limitations.
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6.6 Conclusion

The following conclusions can be drawn from this model:

Combined Gaussian distributed surface and double ellipsoid heat source
models were implemented through user written subroutines in Abaqus
6.11 and experimentally validated for the 3D finite element simulations of
laser assisted GMAW (CMT) at one atmosphere.

The thermal field produced by the laser heat source is wider than that of
CMT because of the large laser beam diameter when compared with that
of CMT heat source. This is an indication of longer beam interaction time,
and higher specific point energy that prolongs weld cooling time.

The temperature distribution of the model was in good agreement with
the experiment. Therefore, the model could predict the cooling time of
the weld pool and heat affected zone.

By assigning appropriate convection coefficients to the model, it is
possible to predict the weld thermal cycles of laser assisted GMAW

(CMT) under different pressures.
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7 Simulation of Moisture Pick-up and Hydrogen

Analysis of Weld Metal at one Atmosphere

Scope

The potential for moisture pick-up during hyperbaric welding is high. This is
because the welding habitat has to be open for access to Remotely Operated
Vehicles (ROVs) or divers, welding equipment and other tools used for
underwater pipeline installation and repair applications. Consequently, the
moisture dissociates inside the welding arc to oxygen and hydrogen, which are
picked up by the weld pool. The presence of these hydrogen atoms in the weld
pool is the main cause of hydrogen assisted cracking. The hydrogen atoms
could diffuse to highly stressed regions of the weld joint, particularly in the HAZ,
where they would recombine to form hydrogen molecules. Consequently, the

weld fracture toughness is undermined.

This chapter describes the experimental set up used to simulate moisture pick
up and hydrogen analysis of the weld metal. Different levels of moisture were
deliberately introduced into the shielding gas before welding by CMT and then
by laser assisted CMT. This was followed by hydrogen analysis of the weld
metal to establish the influence of the laser in removal of diffusible weld metal
hydrogen content. Finally, possible experimental errors; followed by the

experimental results and their discussion are presented.
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7.1 Aim and Objectives

The aim of this study is to investigate the use of a laser to reduce or minimise

the diffusible weld metal hydrogen content. The objectives are as follows:

e To analyse the pick-up of hydrogen by the weld metal during GMAW
(CMT) and laser assisted GMAW (CMT) welding by introducing different
moisture levels into the shielding gas; and

e Evaluate the influence of a laser on the removal of diffusible hydrogen

from the weld metal.
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7.2 Materials and Equipment

The materials used for the experimental trials, which include: pipeline steel and
welding consumables are presented. The equipment used for the welding trials,

metallurgical characterisation and hardness tests are also presented.
7.2.1 Materials
7.2.1.1 Steel

Refer to Table 3-1 of chapter 3 for the chemical composition of the X65 pipeline
steel used for this experiment. The test specimen, run-on and run-off pieces
were produced to dimensions as specified in BS EN ISO 3690:2001(Figure
7-1).

A [15mm
g |10mm A"
B!
C 30 mm I |
D [44mm - b T eclel ¢l b~

Figure 7-1: Dimension of the test pieces marked as (C) and run-on and run-off
plates marked as (D)

7.2.1.2 Welding Wire

The same welding wire given in Table 4-1 of chapter 4 was used for this

experimental trial.

7.2.1.3 Shielding Gas

Refer to section 4.2.1.3 of chapter 4 for the shielding gas used in this study.
7.2.2 Equipment

The equipment used for the experimental trials are presented in this section.
These include the Fronius TPS 5000 CMT welding power source, Fanuc M-
710iB 45 Robot and IPG YLR-8000 Fibre Laser. The other equipment were for:
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moisture content measurement and hydrogen analysis. This includes a Cermex
I Hygromenter, water containers and a Strohlein H-Mat 2500 hydrogen
analyser. Since the other equipment has been described in the previous
chapters, only the moisture content measurement and hydrogen analysis

equipment will be described in this section.
7.2.2.1 Moisture Content Measurement

A photograph and schematic illustration of the equipment set-up used for
moisture measurement is shown in Figure 7-2. This includes a gas cylinder
containing Argoshield heavy gas, rubber hoses, a water container, and two dry
containers, a Cermet Il Hygrometer manufactured by Michell Instruments, flow
regulators and flow meters. Two hoses were connected to the shielding gas via
a flow regulator. One supplies gas to the water container where it picks-up
moisture. The moist gas is then collected in one of the dry containers. In order
to minimise turbulence and possible entrapment of bubbles, the second dry
container collects the moist gas and also serves as a humidifier. Dry gas is feed
through the second hose and was used to control the moisture levels in the wet

gas.

A by-pass connection is made to the hygrometer and a flow meter was used to
regulate the high flow rate to the hygrometer because the instrument is
sensitive to a high rate (see Figure 7-2 (bottom)). The accuracy of the
hygrometer is limited to a maximum flow rate of 5 I/m . With the aid of the dew
point sensor; the hygrometer is used to measure the moisture levels in the
shielding gas. The moist gas is also connected to another flow meter, which
controls the gas flow rate to the CMT welding machine. The gas flow rate
setting in the CMT machine was circumvented. Otherwise, it was not possible to

weld with moist shielding gas flow.

The Cermet Il uses a moisture sensor and a monitor unit, which can be located

apart by 1200 mm *

. It is provided with a 4-20 mA output, and a fully self-
contained display system in a 1/8 DIN panel mounting case that indicates the

measured humidity ®’. Measurement units can be displayed in °C or °F dew
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point, ppmy, Ib/mmscf or g/m* across the range -100 to + 20 °C dew point at
pressures up to 400 bar &’
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Figure 7-2: Set-up for monitoring of moisture level in the shielding gas (Top)
photograph of equipment (bottom) schematic illustration
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7.2.2.2 Stroéhlein H-Mat 2500 Hydrogen Analyser

The Strohlein H-Mat 2500 hydrogen analysis system is shown in Figure 7-3.
This comprises a computer controlled analysis system, hot extraction furnace,
electronic weighing balance and a computer system with printer. The system is
capable of performing both hot extraction and melt extraction. The former is
used for determination of diffusible hydrogen content in a sample, while the
latter measures total hydrogen content in the sample. Hot extraction was used

for this analysis.

The sample prepared for analysis is placed in the hot extraction furnace and
heated up to a temperature of 400 °C. Hydrogen and carbon monoxide are
released from the sample and taken up by a carrier gas (nitrogen) flow. On
passing the dust trap, oxidising agents and a molecular sieve, coarse particles
are removed from the carrier gas and CO, as well as H,O are retained **°.

The thermal conductivity measuring cell of the analyser system operates as the
hydrogen detector. The thermal conductivity of the carrier and reference gas
flow is measured by thermistors in a bridge circuit. A measurement signal
indicates a change in thermal conductivity of the two gases when hydrogen is
released *°. The magnitude of this signal is proportional to the hydrogen
content of the sample. The course in time of the measured signal is displayed
on the graphics screen and the time integral of a measured curve corresponds
to the hydrogen content of a particular sample *°. The central processing unit
calculates the hydrogen content to an accuracy of 0.01 ppm and displays the

result digitally on the screen.

The analyser is first calibrated before use. The calibration is made using the
same parameters and environmental conditions as for the subsequent
analyses. The calibration factor can be determined either with standard
samples or with hydrogen gas *°. For this analysis, the latter was used. This
was done using a computer control system by injection of a specific volume of
hydrogen gas into the carrier gas. The important parameters for determining the

calibration factor (temperature of the calibrating gas and barometric pressure)
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were acquired in the analyser **°. They can be displayed on the monitor screen
during the calibration procedure. Several determinations of the calibration factor
were made and the average of the results was taken as a working calibration

factor.

Computer controlled
analysis system

-

e .

~ Electronic weighing balance

-

Figure 7-3: The Strohlein H-Mat 2500 equipment units used for hydrogen analysis
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7.3 Experimental Method
7.3.1 Welding Trial

A total of sixteen bead-on-plate welds were performed using the test specimen
arrangement shown in Figure 7-1. Four different moisture levels ranging
between 300 and 10,000 ppm were introduced into the shielding gas before
welding, first with CMT and then laser assisted CMT. The laser parameters
investigated were 6 kW and 3 kW laser power with 10 mm beam diameter. The
process distances used were 20 mm and 0 mm. The size of the test specimen
as stipulated by BS EN I1SO 3690-2001did not allow for the investigation of
larger beam diameters and longer process distances. For the CMT, a wire feed
speed of 7 m/min was used at a fixed welding speed of 7 mm/s. A CTWD of 10
mm, which would ensure short arc length, was used. Prior to welding, the
middle test pieces were degassed at 600 °C for 1h 30 min in a furnace. This
was done to remove any diffusible hydrogen that may be present in the sample.
The test samples were clamped in the copper jig fixture using copper foils as
shown in Figure 7-4. This prevents erosion of the fixture and also serves as a
heat sink. The complete experimental data is given in Table B-6 to B-9 of the

Appendix B. A photograph of the welding trial set-up is shown in Figure 7-4.
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Copper jig with

test pieces

Figure 7-4: Experimental set-up for welding
7.3.2 Hydrogen Testing Procedure

The testing was performed according to BS EN ISO 3690-2001: Determination
of hydrogen content in ferritic steel arc weld metal ?*. The three test pieces
marked as C in Figure 7-1 were used for the hydrogen analysis. Immediately
after welding, the test pieces were cooled in water and thereafter stored inside a
flask containing ethanol in solid CO, at -78 °C. This was necessary to minimise
hydrogen diffusion after welding. The start and stop pieces were removed and
the three test pieces were put back in cold storage until individual hydrogen
analyses were carried out. Hot extraction was performed at 400 °C using the H-
Mat H2500 system shown in Figure 7-3. This determines only the amount of
diffusible hydrogen in the deposit weld metal. The resulting hydrogen levels
reported as Hpy (DM = Deposited Metal) in ml hydrogen/100g weld metal are
given in Table B-6 to B-9 of the Appendix B.
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7.3.3 Microstructure Examination and Hardness Test

Refer to section 3.2.2.5.1 of chapter 3 for the microstructure examination. The
hardness test was performed as described in section 3.2.2.5.2 of chapter 3

using the micro hardness equipment shown in Figure 3-6.
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7.4 Experimental Error

In addition to the experimental errors described in section 5.4 of chapter five,
there is also the likelihood of errors being introduced during the measurement of
moisture levels and hydrogen analysis. These errors are presented in details in
this section.

There could be both systematic and operator’s errors in the determination of
moisture levels in the shielding gas when using the hygrometer. This is because
the ambient temperature and dew point influences the accuracy of the
measurement. The accuracy of the instrument is +1 °C from -60 °C to +20 °C
dew point (dp), and +2 °C from -100 °C to -60 °C dew dp ®’. To minimise the
likelihood of this error, most of the welding trials were performed on the same

day, where the ambient temperature and dew point would likely be the same.

Another error could likely come from the value of the measured moisture levels.
The moisture levels were rounded up to the nearest whole number because it
was difficult to determine the exact set values. However, the measurements
were made as close as possible to the set values to reduce the possibility of this

error.

For the hydrogen testing, it cannot be guaranteed that the hydrogen introduced
during welding would be exactly the same during the test. This is because of the
high hydrogen diffusion rate even at low temperature. The time between
welding and quenching of the test pieces is not likely to be the same for all the
trials. This varied between 2 min to 3 min, which could be crucial to hydrogen
diffusion. Therefore, to limit hydrogen diffusion after welding, the unclamping

and quenching was carried out as quickly as possible.

To limit the variability in measurement of weld metal hydrogen content by the
hydrogen analyser, the equipment was calibrated before performing actual
testing, and the calibration factor was used as a benchmark. Also, three tests
were performed per trial and the average value of the weld metal hydrogen

content was determined.
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7.5 Results

The interpretation of the experimental results is presented in this section. This is

followed by their discussion in the subsequent section.
7.5.1 Moisture Levels and Hydrogen Concentration for CMT Welding

The effect of shielding gas moisture level on diffusible hydrogen concentration
in the weld metal for CMT welding alone is shown in Figure 7-5. This clearly
shows that hydrogen concentration in the weld metal is directly proportional to
moisture levels in the shielding gas. As the moisture level in the shielding gas
increases, more hydrogen is picked up by the weld pool. This would also

increase the sensitivity to hydrogen assisted cracking.

From the plot, it can be deduced that for moisture levels > 3000 ppm, there is a
high likelihood of hydrogen assisted cracking occurring (other factors taken into
consideration) because the hydrogen concentration is more than 5 ml/100 g of
deposited weld metal, which is the limit stipulated by the International Institute

of Welding (IIW) for avoidance of cracking.
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Figure 7-5: Relationship between moisture level and the deposit weld metal
hydrogen concentration for CMT
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7.5.2 Moisture Levels and Hydrogen Concentration for Laser
Assisted CMT Welding

Figure 7-6 and Figure 7-7 show the effect of additional laser heat input to the
CMT process (LCMT) on the moisture level and diffusible weld metal hydrogen
concentration. The same trend of increasing hydrogen concentration with
moisture levels can be observed. It can also be seen from both graphs that the
welds hydrogen concentration remains effectively unchanged for 300 ppm
moisture level (dry gas). This was for welds made without moisture in the
shielding gas.

The influence of a laser on removal of diffusible weld hydrogen content is
obvious from the plots. Compared with CMT welding alone, there is significant
reduction of hydrogen concentration for all moisture levels investigated. For
example, while the hydrogen concentration is about 12 ml/100 g of deposit weld

metal for CMT welding with 10,000 ppm (see

Figure 7-6); it is reduced to about 6.0 ml for the laser assisted CMT welding with
6 kW laser power for the same moisture level. Clearly this depends on the laser
power and process distance as evident in Figure 7-7. It can be seen that higher
laser power and longer process distance gives lower hydrogen concentration
per 100 g of deposited weld metal. Figure 7-7 shows that weld metal hydrogen
concentration decreases sharply with laser power. However, beyond 3 kW laser
power there is not much change in hydrogen concentration.

232



#CMT
= LCMT (3 kW, 20 mm)
LCMT (3 kW, 0 mm)
x LCMT (6 KW, 20 mm)

=
N
]

Hydrogen concentration
(m1/100g weld metal)
(@] oo

0 3000 6000 9000 12000
Moisture level (ppm)

Figure 7-6: Relationship between moisture level and the deposit weld metal
hydrogen concentration for laser assisted CMT
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Figure 7-7: Effect of laser power on the deposit weld metal hydrogen
concentration for different moisture levels for 20 mm process distance
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7.5.3 Microstructure Examination and Hardness Test

The microstructures of specimens welded with 10,000 ppm moisture level in the
shielding gas and with dry gas (300 ppm) for CMT and laser assisted CMT are
shown in Figure 7-8 to 7-11. The hardness profiles of the CMT and laser
assisted CMT welds for both moisture levels is also presented in Figure 7-12.

As can be seen from the figures, the microstructure of the weld metal and HAZ
shows significant differences between the CMT and laser assisted CMT welds
for both moisture levels. The weld metal and HAZ microstructures of the laser
assisted CMT welds were dominated by more soft and ductile ferrite phases
than the CMT welds as evident in the hardness distribution (Figure 7-12). This

is due to the additional laser thermal input to the CMT process.

The HAZ microstructure looks distinctly different for both welds with 300 ppm
and 10,000 ppm moisture levels. That of the laser assisted CMT process
consists predominantly of acicular ferrite, and is not easily distinguishable from
the weld metal. Conversely, there is a clear demarcation between the weld
metal and HAZ for the CMT weld. The microstructure of the HAZ may consist of
martensite especially close to the fusion boundary, which can be attributed to
the relatively low heat input of the CMT process.

The hardness distribution shows that moisture level has no influence. The
hardness profile of the CMT weld is typical of a low heat input weld, with the
peak hardness occurring in the coarse grained HAZ close to the fusion
boundary and the minimum value in the base metal. The peak hardness occurs
in the weld metal and the minimum in the HAZ. The additional laser thermal
input to the CMT process accounts for the differences in the hardness

distribution.
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Figure 7-8: Microstructure of the weld metal with 300 ppm moisture level in the
shielding gas (top) CMT and (bottom) laser assisted CMT
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Figure 7-9: Microstructure of the weld metal with 10,000 ppm moisture level in
the shielding gas (left) CMT and (right) laser assisted CMT

236



Figure 7-10: Microstructure of the weld metal and HAZ with 300 ppm moisture
level in the shielding gas (left) CMT and (right) laser assisted CMT
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Figure 7-11: Microstructure of the weld metal and HAZ with10,000 ppm moisture
level in the shielding gas (left) CMT and (right) laser assisted CMT
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Figure 7-12: Hardness profiles of the CMT and laser assisted CMT welds for
different moisture levels in the shielding gas
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7.6 Discussion of Results

This section presents the analysis and interpretation of the experimental results.

The results will be compared with previous studies where available.

The test piece sizes used for this experiment were prescribed for arc welding
processes as outlined in BS EN ISO 3690-2001. There are obvious limitations
of adopting this standard to the laser assisted arc welding process. The
additional laser heat distribution and weld bead size will be different from that of
the arc process and this may affect the measured weld metal hydrogen content.
Also, this limited the range of laser power, beam size and process distance

investigated.

Another real concern is that hydrogen diffusion phenomenon will be completely
different for this small test piece size when compared to real production pipeline
welding. Therefore, an ideal way of evaluating the weld hydrogen content would
be to carry out this experiment on thick section pipeline steel before determining
the weld hydrogen content. However, the hydrogen analysis system used for
this work was designed to measure the weld metal hydrogen concentration of
the standardised test piece sizes.

7.6.1 Moisture Levels and Hydrogen Concentration

As shown in Figure 7-5 and 7-6, hydrogen concentration in the weld metal is
directly proportional to moisture levels in the shielding gas. Aune et al ° reported
that moist shielding gas represents a major source of hydrogen pick-up during
hyperbaric welding. Therefore, making acceptable welds require keeping
moisture levels low. The increasing hydrogen concentration with moisture level
is an indication of increased hydrogen pick-up as water vapour dissociates in

the welding arc to hydrogen and oxygen according to equation (7-1)°:
H,O = 2 [H] + [O] (7-1)

Additional heat input by the laser beam to the CMT process is shown to

significantly lower weld metal hydrogen concentration as indicated by Figure 7-
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6. An estimated 40% to 50% reduction of hydrogen concentration was
achievable depending on the laser parameters used even for 10,000 ppm of
moisture in the shielding gas. The lowest influence was obtained with 3 kW
laser power and 10 mm beam diameter at a process distance of 0 mm, i.e.

when both heat sources are just touching (LCMT 3 kW, 0 mm in Figure 7-6).

Figure 7-6This is followed by the weld with the same laser power and beam size
but 20 mm process distance (LCMT 3 kW, 20 mm). Finally, the weld made with
6 kW laser power, the same spot size and 20 mm process distance (LCMT 6
kW, 20 mm) reduced hydrogen concentration by almost half. Welds could not
be performed with 6 kW, 10 mm beam diameter and 0 mm process distance as
the intensity of the laser heat persistently destroyed the welding torch because

the CMT torch was too close to the laser beam.

The fact that not much hydrogen was removed at powers above 3 kW as shown
in Figure 7-7 may be because beam diameter or interaction time and process
distance have more dominant effect than laser power in removal of diffusible
weld hydrogen. Although larger beam sizes and longer process distances could
not be investigated due to the size of the test pieces, results shown in Figure
5-10 and Figure 5-13 of chapter 5 and Figure 7-6 show that these parameters
could influence the removal of diffusible weld metal hydrogen.

The influence of the laser on hydrogen removal can be explained by the fact
that the additional laser heat input to the CMT extends the weld pool cooling
and solidification time. This is because the weld remains at high temperature for
a relatively longer time than CMT alone due to laser post weld-heating.
Therefore, the hydrogen introduced into the weld pool has the ability to escape
via diffusion before the weld cools down to room temperature. This may also be
influenced by the Marangoni effect and hydrogen diffusion coefficient of the
steel. As shown in Figure 7-13, the average diffusion rate of hydrogen in steel at

100 °C is 1000 times faster than at 20 °C or room temperature 3.
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Figure 7-13: Hydrogen diffusion coefficient of ferritic steel

The most hydrogen removal was achieved with the 6 kW laser beam because it
has twice the energy density of the 3 kW laser beam for the same beam size,
hence, the higher thermal input. The difference in hydrogen removal for LCMT 3
kW, 20 mm and LCMT 3 kW, 0 mm is due to the process distance effect, which
was explained in chapter 5. It has been shown from the thermal cycles of laser
assisted CMT welds made at different process distances (Figure 5-6) that the
further apart both heat sources are, the more influence this could have on
hydrogen diffusion rate. This is because the laser beam will heat up the weld
metal for a longer period of time as the process distance increases (see Figure
5-13). Since hydrogen diffusivity of steel depends on time and temperature
among other variables, it is suggested that longer process distance will favour
hydrogen removal because of the longer residence time at high temperature
(Figure 5-13).
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Since the carbon equivalent of the X65 pipe steel used is CE;w = 0.40, it is
recommended that the hydrogen content is below 5 ml/100 g deposit weld metal
to avoid HAC. This experiment has shown that to achieve lower hydrogen
concentration, the moisture level in the welding arc environment should be less
than 3000 ppm for CMT welding. However, the addition of laser heat input could
lower the hydrogen concentration to levels below 5 ml/100 g depending on laser

parameters used even for higher moisture levels.
7.6.2 Microstructure Examination and Hardness Test

The differences between the microstructures of the CMT and laser assisted
CMT welds for the same moisture levels as indicated in Figure 7-8 to 7-11 is
mainly because of the additional thermal input from the laser. The higher heat
input of the laser assisted CMT process increase the weld cooling time.
Consequently, there is enough time for the formation of softer and more ductile
phases in the weld metal and HAZ which favours diffusion. The microstructures
are predominantly polygonal ferrite and acicular ferrite phases. These have
profound influence on the weld hardness profile shown as shown in Figure 7-12.
The high composition of acicular ferrite, which is good for weld toughness, may
be due to oxide inclusions. The oxides provide suitable sites for the nucleation
of acicular ferrite 8. Conversely, the HAZ microstructure of the CMT welds
consists of some hard phases such as martensite and some ferrite phases
formed by the relatively low heat input of the process, and consequent fast
cooling time. This is evident in the hardness distribution.

The main effect of moisture content is the formation of oxides in the
microstructure as shown in the CMT weld metal and HAZ microstructures
(Figure 7-9 and 7-11). The oxides may have been formed by the oxygen atoms
picked-up along with hydrogen during the dissociation of water vapour in the

welding arc (see equation (7-1)).

The hardness profile of the CMT welds (Figure 7-12), which is indicative of HAZ
hardening, is consistent with reported works on low heat input and high cooling

rate welding of low carbon steels *®. The high hardness of the HAZ especially in
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the CGHAZ is due to the presence of martensite in the microstructure, which
was caused by the fast cooling time and resultant high cooling rate of the weld
metal. The addition of laser heat input to the CMT brought about a striking
change in the hardness profile as distinctly shown in Figure 7-12. The peak
hardness was reduced from about 322 HV to 203 HV In this case; the minimum
hardness occurs in the HAZ, which is indicative of HAZ softening. This is
because the high heat input favoured the formation of soft ferrite
microstructures in both the WM and HAZ.
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7.7 Conclusion
The following conclusions can be drawn from this study:

e Hydrogen concentration in the deposited weld metal is directly

proportional to the moisture content in the welding atmosphere.

e By applying additional laser heat input to CMT welding, it is possible to
reduce the hydrogen concentration in the weld metal by up to 50%

depending on the laser parameters used.

e Separation distance between the laser and CMT heat sources (process
distance) also influences hydrogen removal from the weld metal. The
further the heat sources are apart, the longer the time the laser beam

heats up the weld metal resulting in higher hydrogen diffusion rate.

e The weld metal and HAZ microstructures were not affected by moisture
levels in the shielding gas for both CMT and laser assisted CMT welds.
However, oxide inclusions were observed at high moisture levels for the
CMT welds. Although, these were significantly reduced by the addition of
laser heat. The oxide inclusions promoted the formation of acicular ferrite
that dominated the weld metal and HAZ microstructures of the laser

assisted CMT welds.

e The additional laser heat input significantly reduced the peak hardness of
the CMT weld from 322 HV to 203 HV.
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8 Practical Implications, Main Conclusion and Further
Work

Scope
This chapter presents the practical implications and main conclusion of this
research work. This is followed by suggestions for further work.
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8.1 Practical Implications of Research Findings

The current research focus was aimed at optimizing the laser and arc
parameters in atmospheric conditions for the reduction of weld metal cooling
rate. Subsequently, these will be employed in welding trials under high pressure

conditions.

The current hyperbaric GMAW is operated at a short arc length to ensure
process stability at elevated pressures. The concomitant low heat input and
spatter generation of this process informed the choice of an advanced GMAW
(CMT) process for controlled dip transfer and reduced weld spatter. However,
the CMT process needs to be evaluated in high pressure conditions to ascertain
its viability for hyperbaric welding. Nevertheless, the traditional GMAW process
is already proven for hyperbaric application, and therefore can be used in
combination with a laser to achieve the benefit of reduced cooling rate and

susceptibility to cold cracking.

Laser hyperbaric welding is not a well-researched area. However, work
conducted in Cranfield University shows that conduction welding with a
defocused laser beam is feasible since no metal vaporization is expected as
this could attenuate the laser energy. Consequently, the laser power is more
efficiently used. This would be desirable for this application as the laser would

be used as a spatially resolved heat source to control weld cooling rate.

In terms of practical application, the feasibility of the complete laser system
must incorporate the beam delivery, focusing optics and containment of the
system undersea. ldeally, the laser could be housed on the surface barge, and
beam delivery through optical fibre is technically feasible to depths beyond 1000
m. The laser may also be located inside an adjacent subsea container for

hyperbaric operations.

Finally, the laser assisted hyperbaric GMAW system must first be assessed in
conjunction with procedure qualification performed in a high pressure vessel

prior to industrial application.
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8.2 Main Conclusion

The following are the main conclusions from this research project:

Conduction mode of heat transfer dominates the cooling for pipes with
higher thickness. It has been observed that for pipes with thickness
about 25 mm, the ambient pressure did not play any significant role in
determination of the cooling rate. However, for thickness close to 5 mm
the convective cooling, determined by the ambient pressure, plays an

important role.

Heat input from standard GMAW processes, results in fast weld cooling
times, in the order of 3 s. Such high cooling rates resulted in formation of
hard microstructural features with low temperature transformation
products which could accelerate hydrogen cracking. The application of a
laser can modify the thermal cycle and help in generating microstructures
which could prevent hydrogen assisted cracking.

Laser, used in conduction mode, as an external and flexible heat source
was shown to modify the thermal cycle in a controlled manner.
Depending upon the parameters, e.g. beam diameter, process distance,
it can create different thermal cycles. It has been shown that such
modified thermal cycle can extend the weld residence time at high
temperature thereby reducing the weld hydrogen content and cracking

sensitivity.

A thermal model of the process showed good agreement with
experimental results and indicated that benefits of reduced cooling rate

could be obtained at high pressures.
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8.3 Recommendations for Further Work
The following further work is recommended:

e Fronius CMT and EWM ColdArc processes should be evaluated under
high pressure conditions to ascertain whether they could be used as
alternatives to the currently developed pulsed and short circuit mode

GMAW for hyperbaric application.

e The laser assisted GMAW (CMT and/or ColdArc) process should be
investigated under high pressure conditions in order to evaluate the

effect on weld cooling rate and resultant mechanical properties.

e The developed laser assisted GMAW thermal model should be validated
by experimental data for high pressure conditions. This will help to give a
more accurate prediction of the weld thermal cycles, thereby minimising
the errors associated with using thermocouples to determine weld

cooling rates.
e Hydrogen testing should be done on real production welds.

e Similar experiments with laser leading configuration should be performed
to assess how it compares with laser trailing configuration.
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APPENDICES

Appendix A

Table A-1: Tensile properties of an X70 pipeline steel and orbital GMA
weld made at 1,630 m (5,350 ft) with a solid wire consumable ***

Yield UTsS Elongation Yield/

(MPa) (MPa) (%) Ultimate
Weld Upper 589 652 23.9 0.9
Weld Lower 626 696 21.6 0.9
Weld Mean 601 667 23.1 0.9
Parent 669 715 20.1 0.94

Table A-2: Tensile properties of an X65 pipeline steel and linear welds
made at 1,630 m (5,350 ft) with a solid wire consumable **

Yield UTS Elongation Yield/

(MPa) (MPa) (%) Ultimate
Down hand 585 663 23.0 0.88
Vertical 551 637 235 0.86
Overhead 578 647 224 0.89
Mean 571 649 23.0 0.88
Parent 541 592 20.0 0.91
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Appendix B

Table B-1: Power Source Control Parameters

15V <Va:<90V - Pulsed Welding Settings

I,, Peak settings 173 A

I, Base settings 125 A
VteT, Target arc voltage 24V

lteT, Target welding current 205 A

T,, Peak duration 4 ms

Th, Base duration 4 ms

Peak & base slopes 12 V/100 A
Transition dynamics 500 A/ms
Pulse to end peak/Base None

Vae <15V - Short Circuit Settings

lsc, Short circuit current 375 A
Short circuit detection 14V

Short circuit dynamics 400A/ms
Short circuit pulse duration 1ms

Short circuit characteristics Constant current
Pulse to end short circuit Yes

Power Source and Torch Details

Power source & controller
Setting relationship
Polarity

Arc voltage feedback
Torch design

Stand-off

ISOTEK Equipment ID: WPC1PA10
0.23I

Electrode negative

Torch & earth for ground reference
Straight neck without gas shroud

11 mm nominal

Motion Parameters

Travel speed
Wire feed speed
Weld length

5 mm/s, 6 mm/s, 7 mm/s
8 m/min
180 mm
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Calibration Record Isotek Power Source Control and Fronius
Power Sources

Equipment:

Date:

Method:

Results:

Isotek Power Source Controller 3 off Fronius TP450 Power
Sources in Series (Original Cranfield Power Sources)
70mm? Welding Leads

PSC Calibration Values:

VoltinScale = 0.067691
VoltinOffset = -0.54

CurrOutScale = 0.114094
CurrOutOffset = 0.2

Powerslope = 0.2206 CurrDmdScale= 0.109863

Poweroffset = -1.1794

11th March 2013

CurrDmdOffset = 0.0

Voltage Input Calibration: 0-60V DC Voltage fed into Welding Torch &
Monitored with Calibrated Fluke 16 Multimeter

Welding Current Output Calibration: Welding Power Leads short
circuited at Welding Table with 10 to 400A DC welding current demands
from Welding Power Source Controller & Monitored with Calibrated
Current Clamp Isotech ICM-136R

Table B-2: Isotek Power Source Control and 3 off Fronius TP450 Power Source

Calibration
Calibrated Calibrated Calibrated Calibrated Calibrated Calibrated
Fluke Volt. Curr. Clamp Fluke Volt. Curr. Clamp Fluke Volt. Curr. Clamp
INPUT (V) OUTPUT (A) INPUT (V) OUTPUT (A) INPUT (V) OUTPUT (A)

15.0

125

10.0

7.5

5.0
Intersection

11.3

Set-Point = S0A Slope = 0.12V/A

14.0
38.2
62.0
84.0
106.2

50.0

Set Point = 100A Slope = 0.12V/A

30.0 35.0

25.0 81.5

20.0 124.5

15.0 168.7

10.0 212.0
Intersection

22.77 100.0

Set Point = 150A Slope = 0.12V/A

45.0 55.8

35.0 143.6

25.0 230.5

15.0 318.2

6.0 396.2
Intersection

34.25 150.0

60.0
50.0
40.0
30.0

Intersection
45.7

Set-Point = 200A Slope = 0.12V/A

75
162.6
249.5
336.6

Intersection
200.0
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Arc Voltage Input (V)

50

Isotek Welding Power Source Controller & 3 off Fronius

TP450 Power Sources in Series Cal

ibration

March 2011 SLOPE = 12V/100A

100 150 200 250
Welding Current Output (A)

—+—Current Set-Point = 50A
—a— Current Set-Point = 100A
—e—Current Set-Point = 150A

—a— Cument Set-Point =200A

—POWer Source

300 350 400

450
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Current, Voltage and Power Waveforms of all the Welds in Chapter 4

300 120
5 Cument (&) Woltage (V) 100 E
I
@ 200 - 80 %
= o
3 LD A=
L]
D 100 I '\ 40 =
E b y IR I
- — ._I \._LU
% F'\-\_ﬂ T'n'-«-._- Lﬂ‘ﬂi[ﬁ'\._f \, .'r“ll‘_,.-"‘I 20 E
g ol U VI U |,
5 E02 504 508 508 51
Time (s)
6000

N

|
l\\'la.
L
‘Mu \ \_,L \
. . v
502 504

Power

= 500 120
Tt Cument (&) Voltage (V)
£ 400 - - 100
2 " } . I )
5 300 ‘

o - 80
o 200 - ‘

E | | 40
T |

< 190 1 | ‘lﬁ 20

|
= 0 . L_. i 0
502 504 508 508 5.1
Time (s)
12000
10000 -
g 8000
6000
4000
502 504 508 508 51
Time (s)

Arc voltage (V)

8

120

E Cument {4) Votage (V) | 1mE
E 10| ‘ I <
@200 - 0§
3 Le0 S
o o
C100 - T
e | | ;_Hjh_" 'L[d_“JI_ﬁL 20 S
[ Hu A L o
= [IO0OO0OII0T, #
5 502 504 506 508 51
Time (s)
5000
gﬁ[ﬂ}l}
@ 4000 -
=
[}
0L 2000 - L L . L.
0 \.l.. . l_. .""]‘ ]r| L.I . J
5 502 504 506 508 541
Time (s)

Figure B-1: Transient relationship of current, voltage and power with 3 m/min WFS weld. From left to right, CMT, ColdArc and
Short circuit GMAW
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Table B-3 : Data of Laser Assisted CMT Welding

Laser CMT
Test Beam Laser Process Heat Input WFS TS Average Average  Average Heat Input Cooling Time Cooling Rate
No. Dia. Power Distance (KI/mm) (m/min) (m/min) Voltage  Current Inst. (KJ/mm) (S) cs™h
(mm) (kw) (mm) 50% Eff. v) (A) Power  80% Eff
(kw) tos  ta3 to5 lg3
1 20 6 20 0.42 5 0.42 12.20 119.82 2.03 0.23 4.06 9.57 73.89 52.24
2 20 6 15 0.42 5 0.42 12.27 125.25 2.14 0.24 4.16 9.68 72.10 51.64
3 20 6 10 0.42 5 0.42 12.25 129.85 2.22 0.25 4.27 9.84 70.31 50.81
4 20 6 5 0.42 5 0.42 14.63 114.01 2.10 0.24 433 10.06 69.27 49.69
5 20 6 0 0.42 5 0.42 12.08 119.25 2.03 0.23 4.37 10.14 68.64 49.30
6 20 3 20 0.21 5 0.42 12.01 132.16 2.26 0.26 2.93 6.58 102.35 76.01
7 20 3 15 0.21 5 0.42 12.14 121.39 2.10 0.24 3.00 6.81 99.87 73.40
8 20 3 10 0.21 5 0.42 12.02 113.80 1.95 0.22 3.07 6.88 97.72 72.71
9 20 3 5 0.21 5 0.42 12.02 123.27 2.08 0.24 3.11 6.97 96.46 71.74
10 20 3 0 0.21 5 0.42 12.08 140.53 2.38 0.27 3.15 7.11 95.04 70.32
11 20 1 20 0.07 5 0.42 14.05 107.37 2.20 0.27 1.99 4.61 150.75 108.46
12 20 1 15 0.07 5 0.42 14.88 108.02 2.12 0.25 2.07 475 144.92 105.25
13 20 1 10 0.07 5 0.42 13.88 109.72 2.22 0.25 2.13 4.83 140.84 103.51
14 20 1 5 0.07 5 0.42 13.90 108.28 2.20 0.25 2.21 491 135.70 101.83
15 20 1 0 0.07 5 0.42 13.73 110.41 2.20 0.25 2.33 496 128.76 100.81
16 15 6 20 0.42 5 0.42 12.44 132.36 2.28 0.26 3.54 8.59 84.72 58.19
17 15 6 15 0.42 5 0.42 12.41 124.93 2.16 0.25 3.57 8.63 84.04 57.94
18 15 6 10 0.42 5 0.42 12.23 114.02 1.95 0.22 3.71 8.69 80.88 57.54
19 15 6 5 0.42 5 0.42 13.00 123.78 2.19 0.25 3.77 8.83 79.60 56.64
20 15 6 0 0.42 5 0.42 15.15 98.35 1.87 0.21 3.88 891 78.33 56.12
21 15 5 20 0.36 5 0.42 11.85 124.29 2.10 0.24 3.26 7.97 91.94 62.74
22 15 5 15 0.36 5 0.42 12.69 125.82 2.33 0.27 3.30 7.98 90.80 62.67
23 15 5 10 0.36 5 0.42 12.21 112.50 1.92 0.22 3.41 8.00 88.08 62.50
24 15 5 8 0.36 5 0.42 13.28 108.35 1.95 0.22 3.51 8.38 85.40 59.64
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Laser CMT

Test Beam Laser Process Heat Input WFS TS Average Average  Average Heat Input Cooling Time Cooling Rate

No. Dia. Power Distance (KJ/mm) (m/min) (m/min) Voltage  Current Inst. (KJ/mm) ) (°cs™)
(mm) (kw) (mm) 50% Eff. v) (A) Power  80% Eff
(kw) tars tg13 tars te/3

25 15 5 5 0.36 5 0.42 14.89 114.30 2.14 0.25 3.61 8.41 83.01 59.45
26 15 5 0 0.36 5 0.42 14.21 97.35 1.80 0.21 3.65 8.47 82.19 59.03
27 15 3 20 0.21 5 0.42 12.06 120.66 2.04 0.23 2.80 6.43 106.99 77.00
28 15 3 15 0.21 5 0.42 12.72 115.68 2.02 0.23 2.84 6.52 105.63 76.69
29 15 3 10 0.21 5 0.42 12.40 120.45 2.07 0.24 2.91 6.88 103.09 73.00
30 15 3 8 0.21 5 0.42 11.84 127.26 2.14 0.24 2.93 6.91 102.39 72.36
31 15 3 5 0.21 5 0.42 14.34 102.88 1.79 0.21 2.95 6.94 101.69 72.05
32 15 3 0 0.21 5 0.42 12.01 107.13 1.82 0.21 2.98 7.01 100.67 71.33
33 15 2 10 0.14 5 0.42 12.40 120.57 2.08 0.24 2.51 5.80 119.38 86.28
34 15 2 5 0.14 5 0.42 12.42 116.44 2.00 0.23 2.53 5.84 118.81 85.62
35 15 2 0 0.14 5 0.42 12.27 116.01 1.98 0.23 2.61 5.99 114.94 83.47
36 15 1 20 0.07 5 0.42 14.12 107.21 2.20 0.25 1.93 4,11 155.44 121.65
37 15 1 15 0.07 5 0.42 14.13 104.91 2.16 0.25 1.96 4.30 153.06 116.27
38 15 1 10 0.07 5 0.42 14.26 105.22 2.18 0.25 2.01 4.37 149.25 114.42
39 15 1 5 0.07 5 0.42 13.88 105.94 2.15 0.25 2.09 4.60 143.54 108.70
40 15 1 0 0.07 5 0.42 14.07 108.35 2.22 0.25 2.17 4.63 138.24 107.99
41 10 6 20 0.42 5 0.42 17.38 100.89 2.15 0.25 2.69 6.97 111.52 71.74
42 10 6 15 0.42 5 0.42 15.69 105.39 2.03 0.23 2.76 7.34 108.69 68.12
43 10 6 10 0.42 5 0.42 17.10 105.70 2.12 0.24 2.83 7.76 106.00 64.43
44 10 6 5 0.42 5 0.42 17.71 102.57 2.09 0.24 2.94 8.03 102.04 62.27
45 10 6 0 0.42 5 0.42 17.35 108.05 2.19 0.25 3.02 8.37 99.34 59.67
46 10 3 20 0.21 5 0.42 18.21 100.64 2.21 0.25 1.96 5.99 153.06 83.47
47 10 3 15 0.21 5 0.42 17.36 98.38 2.10 0.24 2.06 6.13 145.63 81.57
48 10 3 10 0.21 5 0.42 16.91 100.32 2.12 0.24 2.20 6.37 136.36 78.49
49 10 3 5 0.21 5 0.42 19.98 115.76 2.30 0.26 2.43 6.78 123.46 73.74
50 10 3 0 0.21 5 0.42 19.82 90.47 2.20 0.25 2.51 6.92 119.52 72.25
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Table B-4: Experimental matrix of laser assisted CMT trials with variable CMT WFS

Laser

CMT
Test Beam Laser Process Heat Input WES TS Average Average Average  Heat Input Cooling Time Cooling_lRate
No. Dia. Power Distance (KJ/mm) (m/min)  (m/min) Voltage Current Inst. (KJ/mm) (S) (°Cs™)
(mm) (KW) (mm) 50% Eff. W) () Power 80% Eff
(kw) tess tars tess tar3
1 20 3 20 0.21 5 0.42 19.97 85.50 2.07 0.24 3.18 6.81 94.34 73.42
2 20 3 20 0.21 6 0.42 21.51 107.00 2.60 0.30 3.70 7.96 81.57 62.81
3 20 3 20 0.21 7 0.42 22.56 119.91 2.98 0.34 7.25 11.66 41.35 42.88
4 20 3 20 0.21 8 0.42 23.56 126.06 3.27 0.37 8.57 14.00 35.00 35.71
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Table B-5: Measurement of weld bead profile

Laser Beam Process WFS Weld Weld HAZ

Power dia. distance (m/min Width Penetration Width
Weld type (kw) (mm) (mm) ) (mm) (mm) (mm)
CMT alone - - - 5 5.92 1.16 0.9
CMT alone - - - 6 6.44 0.96 1.01
CMT alone - - - 7 7.83 1.19 1.03
CMT alone - - - 8 7.64 1.56 1.07
Laser assisted CMT 6 20 20 5 8.73 1.32 2.09
Laser assisted CMT 6 20 0 5 6.63 1.55 2.06
Laser assisted CMT 3 20 20 5 6.37 0.98 1.69
Laser assisted CMT 3 20 0 5 6.11 1.25 2.13
Laser assisted CMT 1 20 20 5 6.30 1.04 1.04
Laser assisted CMT 1 20 0 5 6.09 1.07 0.95
Laser assisted CMT 3 20 20 5 6.15 1.19 0.98
Laser assisted CMT 3 20 20 6 6.68 1.28 1.14
Laser assisted CMT 3 20 20 7 6.68 1.55 1.04
Laser assisted CMT 3 20 20 8 8.14 2.27 1.23
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Table B-6: Hydrogen content in weld metal for CMT welding with different levels of moisture in the shielding gas

Hydrogen content

Mass of test  Mass of test Houm (M171009)
' H20 content piece before piece after
Moist Weld  Test Shielding gas welding welding Single values Single values  Mean value
level mode  no. (PPMv) m (9) m1(g) m =1(9) mi-m(g) mi-m (g)
CMT TI1(A) 300 35.28 37.36 1.80 3.74
Level 1 2.98
(Dry CMT T1(B) 300 35.27 37.37 1.06 2.23
gas)
CMT TI1(C) 300 35.21 37.28 1.44 2.98
CMT  T2(A) 3000 35.30 37.48 3.11 6.78
Level 2 CMT T2(B) 3000 35.26 37.38 2.53 5.36 6.02
CMT T2(C) 3000 35.27 37.47 2.70 5.94
CMT T3(A) 6000 35.30 37.48 - -
Level 3 CMT T3(B) 6000 35.35 37.59 421 9.43 8.93
CMT T3(C) 6000 35.24 37.39 3.92 8.43
CMT T4(A) 10000 35.28 37.53 5.78 13.00
Level 4 CMT T4(B) 10000 35.30 37.37 5.80 12.00 12
CMT T4(C) 10000 35.20 37.36 6.03 13.02
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Table B-7: Hydrogen content in weld metal for laser assisted CMT welding with different levels of moisture in the

shielding gas
Hydrogen content
Mass of test ~ Mass of test Hom (mM1/100g)
) H20 content piece before piece after
Moist Weld Test Shielding gas welding welding Single values Single values  Mean value
level mode no. (PPMy) m (g) m1(g) m =1(g) my-m (g) m1 - m (g)
LCMT C1(A) 300 35.28 37.50 1.06 2.35
Level 1 2.09
é[;g LCMT C1(B) 300 35.30 37.37 0.87 1.80
LCMT C1(C) 300 35.20 37.36 0.98 2.12
LCMT C2(A) 3000 35.24 37.36 1.84 3.90
Level 2 LCMT C2(B) 3000 35.12 37.22 2.18 4.58 3.73
LCMT C2(C) 3000 35.24 37.26 1.34 2.71
LCMT C3(A) 6000 35.30 37.37 1.98 4.10
Level 3 LCMT C3(B) 6000 35.29 37.38 2.36 4.93 4.99
LCMT C3(C) 6000 35.23 37.29 2.89 5.95
LCMT C4(A) 10000 35.34 37.36 3.03 6.12
Level 4 LCMT C4(B) 10000 35.25 37.49 3.49 7.82 6.83
LCMT C4(C) 10000 35.31 37.40 3.13 6.54

*Laser parameters: 3 kW laser power, 10 mm spot size and 20 mm process distance
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Table B-8: Hydrogen content in weld metal for laser assisted CMT welding with different levels of moisture in the
shielding gas

Hydrogen content

Mass of test Mass of test Howm (M1/1009)
' H20 content piece before piece after
Moist Weld Test Shielding gas welding welding Single values Single values  Mean value
level mode  no. (PPMV) m () m1 () m=1(g) mi-m(@)  mi-m(g)
LCMT W1(A) 291 35.34 37.74 0.88 211
Level 1
gzg LCMT WZ1(B) 291 35.38 37.68 0.91 2.09 2.10
LCMT W1(C) 291 35.15 37.57 0.87 2.10
LCMT W2(A) 3000 35.28 37.36 1.94 4.04
Level 2 LCMT W2(B) 3000 35.25 37.40 1.89 4.01 3.98
LCMT W2(C) 3000 35.31 37.63 1.68 3.89
LCMT W3(A) 6000 35.28 37.59 2.33 5.38
Level LCMT W3(B) 6000 35.26 37.46 2.44 5.36 5.42
LCMT W3(C) 6000 35.31 37.63 2.39 5.54
LCMT WA4(A) 10000 35.32 37.60 3.22 7.32
Level LCMT W4(B) 10000 35.26 37.46 3.32 7.30 7.31
LCMT W4(C) 10000 35.31 37.63 3.16 7.33

*Laser parameters: 3 kW laser power, 10 mm spot size and 0 mm process distance
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Table B-9: Hydrogen content in weld metal for laser assisted CMT welding with different levels of moisture in the

shielding gas
Hydrogen content
Mass of test ~ Mass of test Houm (171009)
_ H20 content piece before piece after
Moist Weld  Test Shielding gas welding welding Single values  Single values Mean value
level mode no. (PPMy) m (g) m1 (g) m =1 (g) mi - m (g) mi - m (g)
LCMT S1(A) 291 35.21 37.81 0.84 2.18
'(-Sve' 1 LCMT S1(B) 291 35.22 37.29 0.97 2.01 2.09
ry
gas) LCMT S1(C) 291 35.13 37.31 0.96 2.09
LCMT S2(A) 3000 35.21 37.83 1.19 3.12
Level 2 LCMT S2(B) 3000 35.24 37.78 1.23 3.13 3.12
LCMT S2(C) 3000 35.13 37.98 1.09 3.11
LCMT S3(A) 6000 35.28 37.89 1.61 4.20
Level 3 LCMT S3(B) 6000 35.06 37.18 1.92 4.07 4.09
LCMT S3(C) 6000 35.57 37.67 1.91 4.02
LCMT S4(A) 10000 35.27 37.35 2.94 6.11
Level 4 LCMT S4(B) 10000 35.19 37.24 2.94 6.03 6.10
LCMT S4(C) 10000 35.08 37.13 3.03 6.21

*Laser parameters: 6 Kw laser power, 10 mm spot size and 20 mm process distance
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